SECOND SYMPOSIUM ON
~ PROTECTION AGAINST
RADIATIONS IN SPACE

N65 - 34575 N65 - 3463

ESSION NUMBER) (THRW) *
g

P

(PAGES) OD;)

o
o
L]
x
3
(]
4
>
E
4
s
=

e -
(NASA CR OR TMX OR AD NUMBER) {CATEGORY)

GPO PRICE $
CFSTI PRICE(S) $

Hard copy (HC)

Microfiche

# 653 July 65




NASA SP-71

SECOND SYMPOSIUM ON

PROTECTION AGAINST
RADIATIONS IN SPACE

GATLINBURG, TENNESSEE ~ OCTOBER 12 - 14, 1964

SPONSORED BY:

National Aeronautics and Space Administration
U. S. Air Force

U. S. Atomic Energy Commission

EDITED BY:
ARTHUR REETZ, JR.

NASA Headquarters

Scientific and Technical Information Division 1965

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C.




The Symposium Committee

Frep C. MaienscHEIN, Chazrman
Oak Ridge National Laboratory

Nartuanier F. Barr
U.S. Atomic Energy Commission

MryroN B. GIiLBERT
Air Force Cambridge Research Laboratories

George F. Pezpirtz
Langley Research Center, NASA

GEeoRGE F. PiereEr
Goddard Space Flight Center, NASA

ArTHUR REETZ, JR.
NASA Headquarters

IrviNG J. RusseLL
Air Force Weapons Laboratory

For sale by the Superintendent of Documents, U.S. Government Printing Office

Washington, D.C. 20402 Price $3.25




e

Foreword

All space vehicles will be exposed to natural charged particle radiation fields.
The effects and possible problems imposed by such radiations are of great
concern to those actively engaged in the exploration of space. Materials
and components, which may be damaged by the radiation, frequently can be
replaced by more radiation resistant items; however, replacement systems
are not always possible or practical and, hence, protective measures in the form
of shielding must be employed. (One of the more radiation-sensitive systems
to be flown in space is man himself.) Many groups are engaged in research
on the attenuation and penetration of high-energy space radiation and on
the development of methods for the design of shielding which affords protection
against the radiation. The purpose of the Second Symposium on Protection
Against Radiations in Space, like that of the First, was to bring these groups
together to exchange information and share ideas.

The First Symposium on the Protection Against Radiation Hazards in
Space was held in Gatlinburg, Tenn., on November 5-7, 1962, and was spon-
sored by the NASA Manned Spacecraft Center, the Oak Ridge National
Laboratory, and the American Nuclear Society. The proceedings of that
symposium were published by the U.S. Atomic Energy Commission in a two-
volume report numbered TID-7652.

Early in 1964, it became apparent that sufficient new information worthy of
presentation in another symposium had been gathered. Because of its interest
and role in space and related research, the U.S. Air Force joined NASA and
AEC in the sponsorship of the Second Symposium at Gatlinburg in October
1964. The host, as before, was the Oak Ridge National Laboratory.

These proceedings are the written record of the Second Symposium. Invited
papers covering the space radiation environment, radiobiological effects, and
radiation effects on materials and components comprised the first three sessions.
By defining the radiation problems in space and providing for the proper
assessment of the radiation effects and shielding requirements, these papers
helped to establish the necessary background for the shielding papers which
followed in the fourth session.

Arthur Reetz, Jr.
Technical Editor
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1.—Man-Made Radiations in Space

WERNHER VON BrAUN

George C. Marshall Space Flight Center, NASA

It is encouraging to see a joint assault on
radiation in space by the three organizations
most vitally concerned with its problems.

Problems involving the radiation environ-
ment in space, its biological effects, its effects
on materials, and problems of shielding require
careful study. In addition to the problems of
natural radiations in space, which are under
consideration at this conference, there are also
the problems connected with the radiation
which man himself and his equipment will take
nto space.

The task of the Marshall Space Flight Center
is to provide NASA with heavy launch ve-
hicles—such as the Saturn rockets for Project
Apollo. Less publicized is our responsibility
to perform advanced system studies for space
transportation concepts of the future. To
propel these vehicles, we are thinking in terms
of nuclear propulsion. Not too far in the future
huge nuclear propelled spacecraft will take
crews of men on long voyages into space. And
the problems of man-made radiation connected
with these spaceships will prove far more
challenging in the long run than those of the
natural radiations in space.

With regard to natural radiations, I do not
like the often-used phrase ‘‘hostile environment
of space.” Space is not hostile. Hostility is
willful. It is directed by someone with the
intellect to act. Neither is it hospitable.
It is neutral. Space is simply there, following
the scientific principles of nature, neither
assisting nor resisting the attempts of man to
fathom its mysteries.

Of course there are hazards in space for
man—if he ignores its immutable laws. Just
as there is danger for man on earth if he walks
off a cliff, stays out in the tropic sun too long,

or defies the arctic cold without adequate
protection.

But man has learned to live in earth’s
environment without undue danger. And he
will learn to live in the environment of space,
as he comes to know its characteristics and how
to adjust to them.

Man interacts with his environment. Right
now, the environment of space has a certain
amount of mystery, or even magic, connected
with it. We need to dispel this mystery, take
the “hex’’ out of space. Fear and superstition
feed on the unknown. The only way we can
remove them from the picture is to learn more
about the spatial environment. And the ulti-
mate solution is for men to go there, to live and
work in space for extended periods of time.

We have attempted to simulate the environ-
ment of space here on Earth to the best of our
ability—which is quite limited. These experi-
ments are increasing our knowledge of both
materials and living organisms, and they should
be continued. We are extending our knowl-
edge of space by highly instrumented probes
and Earth satellites. But it is impossible to
program fully for the unknown and unexpected.

The best way to study space is to put men
there. Of course, man isn’t equipped with
senses to monitor intensity and frequencies of
space radiation. But man can observe and
think. He can control experiments. Man’s
capacity and speed are limited as compared
with a machine when he acts as transmitter,
receiver, or control mechanism. But he adds
judgment and reasoning power to the space-

craft. He can make sense of fragmentary in-
formation. He can solve problems by logical
induction.
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You can program a machine to react to the
known or the expected. But only man can
react intelligently to the unexpected. When
man is there as the observer and controller of
experiments, he has the ability to parley an
unexpected development into something fruit-
ful. A computer cannot react intelligently to
the unforeseen.

Project Mercury showed us that when we
place a man in the loop, the chances of mission
success are greatly enhanced. Several of the
Mercury missions might have ended in failure
when programed equipment malfunctioned if a
man had not been aboard to operate manual
confrols. Man can be designed into the ma-
chinery of a spacecraft, with due regard for his
strengths and weaknesses, as a priceless asset.
The safety and well-being of these future
astronauts depend in part on the scientists
attending this conference.

I firmly believe that man will eventually ex-
plore the solar system. And he must do it on
his own terms, without being dictated to by
conditions of gravity, thermal considerations,
or radiation environment. We must give him
the tools he needs to live with the natural radia-
tions of space and the radiation he creates there
in the performance of activities. We must
master these problems to the extent that man
can live in space almost without conscious
thought of the dangers of the environment, so
that he can explore and perform experiments
without interruption.

NASA’s Manned Space Flight Program is
currently concerned with projects Gemini and
Apollo, both of which are carefully planned
steps to increase our ability to sail on the new
ocean of space. Apollo is by far the most am-
bitious space flight project yet attempted. It
is an engineering demonstration of the feasi-
bility of manned space travel in the broadest
sense. It is a demonstration of the highest
quality, undoubtedly the greatest engineering
challenge we have ever faced. In Apollo we
are building an operational space-faring capa-
bility that can take us a quarter of a million
miles from earth to land on another heavenly
body, and return safely to earth. This will be
an epic achievement. But Apollo is just a
scouting expedition, a demonstration that the

pilots and their machine can make the journey,
like Lindbergh crossing the Atlantic.

After Apollo will come man’s true assault on
space. Pilots and passengers, scientists trained
as observers and experimenters, will follow in
wave after wave to explore space in a big way.
We are not alone in thinking that this will
happen. If we are to capture the reality of
space, come to know it intimately, and exploit
it to our advantage, we must send more men
into space, like the waves of an advancing
army. We must set up bases, establish logis-
tics lines, maintain communications, and fur-
nish replacements and reinforcements for a
continual, frontal assault.

Our current space launch vehicles are not
capable of sustaining such an advance. The
Saturn V rocket will launch the 45-ton Apollo
spacecraft from the earth with such velocity
that it will coast upward to the moon, with no
further propulsion needed except that for course
correction and braking into lunar orbit. More
advanced transportation systems must be
developed to take larger payloads into earth
orbit, and the moon and beyond.

I said earlier that you cannot simulate the
total environment of space, qualitatively, for
testing on earth. If we are to develop materials
that will stand up under the rigors of space, we
must test them in the true environment of
space, where they are subjected at the same
time to all the variables under which they will
operate. For this we need orbital research
laboratories. If we are to capture the realities
of the lunar environment, we must establish
bases on the moon, such as those established in
Operation Deepfreeze for study of the antarctic.
This requires a team of men and machines, and
an efficient transportation system for getting
them there and back.

Today we are planning such transportation
systems of the future around nuclear propul-
sion. Our first major step will be application
of nuclear fission in so-called nuclear blowdown
or nuclear heat transfer rocket engines. And
we are looking at nuclear-powered ion propul-
sion. Here the nuclear energy is first con-
verted Into electricity, and ions are expelled
from the electric field. This method cannot
provide large thrusts, but has phenomenal
propellant efliciency, and operates for many
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hundreds of hours. This appears very attractive
for interplanetary explorations.

We are making cost effectiveness studies to
determine whether a nuclear lunar ferry is
feasible for exploration of the moon. In this
transportation system we would place a nuclear
powered space vehicle into orbit around the
earth. This vehicle would be fueled with
liquid hydrogen brought up from the earth’s
surface with chemical-powered rockets. The
fully fueled nuclear vehicle would be capable of
launching itself from its low earth orbit into an
orbit of the moon. From there, another all-
chemical lunar landing vehicle comparable to
the Apollo Lunar Excursion Module would take
over as a shuttle bus between the orbiting
nuclear vehicle and the moon’s surface. The
module could land people, supplies, and equip-
ment on the lunar surface, and pick up a group
of people who had spent their tour of duty of
perhaps 3 months on the moon.

The nuclear ferry vehicle, which all the while
has remained in orbit around the moon, would
then hurl itself back into the original earth
departure orbit. It would use some of the
remaining liquid hydrogen fuel to boost itself
out of circumlunar orbit, and the remainder to
return itself to the orbit of the earth. There
would be no reentry of the ferry into the atmos-
phere. At the end of its orbit-to-orbit round-
trip mission, its liquid hydrogen tank would be
empty, but the reactor in its nuclear rocket
engine would still be unexhausted. It seems
to be entirely feasible to build a lunar ferry that
can fly such a round-trip mission 50 times.

Each time the ferry returned to Earth orbit
it would be unloaded, serviced, and refueled
with liquid hydrogen. And here is where the
problem of man-made radiation occurs. Think
of the service crew that must go up and inspect
the lunar ferry and prepare it for another run.
They must inspect and check it, replacing
anything that is broken, checking the en-
vironmental control system and gas pressuriza-
tion systems. And, most important of all,
they must refuel the nuclear propulsion system
with liquid hydrogen. What will they do about
that hot reactor? Approach it through a
safety cone provided by a shadow shield?
How will they handle a defective reactor engine?
With remote handling equipment? Throw the

whole nuclear-powered shuttleship away? Or
part of it? Remove the hot engine and leave
it in a parking orbit, replacing it with another
engine brought out of orbiting cold storage,
where it has had an opportunity to cool down
somewhat?

Providing maximum protection to the service
crew and the occupants of the lunar ferry pre-
sents a real challenge to the nuclear design
engineer and the nuclear shielding expert.
Shielding by mass is always a possible solution,
of course. But here you would be trading in
weight. It may be possible to construct space-
craft configurations in a manner to take ad-
vantage of propellants, structure, and inter-
vening equipment to assist in common protec-
tion from both natural and artificial radiation.
What other solutions could be found? Would
the creation of electromagnetic fields to deflect
certain types of charged particle radiation be
possible?

I have used a nuclear lunar ferry as an illus-
tration of a possible transportation system
that would present man-made radiation prob-
lems. There are other areas to be examined.
We need a variety of more efficient space
propulsion systems for expanding our capability
to explore space in the post-Apollo period.
And all of our currently foreseeable advanced
space propulsion systems are based on nuclear
energy sources.

The problems of protection from artificial
radiation are drastically different from those of
natural radiation, but it would be to our ad-
vantage to tackle them together for possible
common solutions.

We need to improve our radiation shielding
technology for possible future space projects
that use nuclear power sources for operating
on-board equipment, as well as for propulsion.
Radiation problems will arise from all types of
nuclear systems, whether they are solid core
reactors, or nuclear/electric propulsion systems,
or nuclear power sources. Even gaseous core
reactors, whose feasibility NASA is studying,
will have their radiation and shielding problems.

We have made some studies of nuclear/elec-
tric propulsion for Mars vehicles, placing the
reactor far away on a pole, and providing pro-
tection to the crew through shadow shielding.
We are also studying the use of nuclear rocket
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engines in a cluster, the way we now cluster
chemical engines. But the complex radiation
and radiation heating environment in such nu-
clear engine clusters is little understood.

If those scientists concerned with natural
radiation in space would extend: the scope of
their thinking to consider man-induced radia-
tion as well, a tremendous impact could be
made on the future of nuclear space propulsion.

For man to play an effective role in using
nuclear space systems, we must develop a body
of design criteria and concepts that will enable
the designer to tie the man and machine to-
gether into an efficient team. Considerable
work has been done on the problems of man’s
participation in Earth launch of vehicles with
nuclear upper stages. We are just beginning,
however, to examine in detail the human engi-
neering design criteria and handling concepts
for advanced nuclear vehicles. We need to
investigate thoroughly the operational safety
hazards associated with such systems as the

nuclear lunar ferry, nuclear planetary orbital,
launch vehicles, interorbital transport vehicles,
and Earth orbital launch facilities employing
nuclear power supplies.

The problems of natural radiation in space
plus those of man-made radiation are indeed
difficult. However, let us take comfort from
recent history which indicates that solutions
will be found. Remember that only 20 years
ago professors of aerodynamics prophesied that
we would never fly through the sound barrier.
Little more than 10 years ago thermodynami-
cists predicted that we would never break the
heat barrier in reentry flights. Only 8 years ago
economists prophesied that our first satellite
programs would never be able to pass the barrier
of the Bureau of the Budget.

None of these barriers has withstood the ad-
vance of science and technology, and these
experiences may give us confidence that we shall
also succeed in breaking through the radiation
barriers.
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RADIATION ENVIRONMENT IN SPACE
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2—The Geomagnetically Trapped Radiation

J. W. FrREEMAN, JR.

Rice University

It is well known that the supersonic flow
of the solar wind past the earth results in the
confinement or abrupt termination of the earth’s
magnetic fieldin all directions save perhaps
the anti-solar direction. The region within this
surface of abrupt termination of the geomag-
netic field, that is, the region in which the
magnetic field is ordered and roughly dipolar,
has come to be called the magnetosphere. The
surface of termination of the geomagnetic field
is known as the magnetopause.

Figure 1 shows a pictorial diagram of a cross
section of the magnetosphere taken through the
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Figure 1.—Cross section of magnetosphere taken
through noon-midnight meridian.

noon-midnight meridian. Those lines of force
which lie within the shaded areas are closed,
well confined, relatively stable, and capable
of trapping charged particles. Lines of mag-
netic force which leave the earth in the polar
regions may be extruded to great distances on
the night side of the earth. The ultimate fate
of these lines of force is not known at this time.
It seems certain that the tail of the magneto-
sphere must extend at least to the orbit of the
moon and probably much farther. By con-
trast, the magnetopause is found at some 10
earth radii in the direction of the sun and, as
indicated in the figure, durable trapping fills the
entire magnetosphere on the sunlit side of the
earth.

Before launching into the description of the
trapped radiation, a word or two about the
appropriate coordinate system is necessary.
In 1961 Mcllwain introduced the B, L coordi-
nate system for the description of Van Allen
radiation (ref. 1). It can be shown that the
first adiabatic invariant of the motion of a
trapped particle in the geomagnetic field is the
magnetic moment of the particle, treated as a
current loop spiraling about a field line. This
leads to the fact that a trapped particle will
always mirror at the same value of magnetic
field strength, B. The second adiabatic in-
variant, I,, defines the magnetic shell on which
the particle stays as it drifts about the earth in
longitude. Mecllwain found a means of labeling
these shells with the value L. The L value is
nearly constant along a line of force and, for a
perfect dipole, has the magnitude of the equa-
torial distance of the line of force in units of
earth radii. In figure 2, the light lines which
merge with the heavy lines represent magnetic
field lines and, hence, contours of constant L.

7
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FicUre 2—Van Allen radiation, as shown by B, L
coordinate system.

The Van Allen radiation consists predomi-
nantly of electrons and protons. A very small
flux, less than 19, of deuterons or tritons has
been observed in emulsion experiments (refs. 2
and 3).

PROTONS

Let us consider first the distribution of
trapped penetrating protons. As shown by fig-
ure 3, on the right-hand side, the radial dis-

tribution of protons of energy in excess of 40,
MeV peaks on lines of magnetic force that cross
the geomagnetic equator at 1.5 earth radii
geocentric distance, or L=1.5 Rz. As first
estimated by Van Allen in 1959, the peak
intensities for protons capable of penetrating
3.5 gm/em? of lead are of the order of 5X10*
protons/cm®sec. This band of energetic pro-
tons constitutes the most penetrating natural
component of the region known classically as
the inner radiation zone.

Recently MecIlwain has discovered a sec-
ondary maximum in the penetrating proton
component (ref. 4). In figure 4, this second
peak is seen to lie at about L ~2.2 earth radii.
This figure also shows the radial profile of
intensities of somewhat lower energy protons.
Note the complex changes in energy spectrum
as a function of radial distance.

The detailed integral energy spectra for
various L values are shown in figure 5. These
data are all the work of Mecllwain, based on
Relay I data. Note that the spectra tend
to soften with increasing L.

Prior to a year ago it was thought that these
proton intensities were time stationary on a
scale of at least months. However, on Sep-
tember 23, 1963, there occurred an intense

magnetic storm which resulted in the
R e .
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Ficure 3.—Spatial distribution of trapped protons.
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redistribution and/or reductions of the trapped
protons McIlwain had been studying with Re-
lay I (ref. 5), figure 6 illustrates this change.
Note the discontinuity in flux intensity on
about 23 September. The majority of the
change took place within a 6.5 hour period.
It can be seen from the slide that the flux
decreases were greater for greater L values.
An additional interesting fact not evident from
this figure is that the protons whose mirror
points were farthest from the equator, that is,
those with small equatorial pitch angles, suf-
fered the greatest reduction. Mecllwain states
that indeed it is quite possible that the equa-
torial intensities on high lines of force may have
even increased.

In figure 7, McIlwain has plotted the daily
dose of energetic particles received by Relay
I (ref. 6). The upper curve is for E>0.5
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A iadiiil b A L2l

A i1l

sl

ol
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25
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EE MeV electrons, the middle curve for E>5
MeV electrons, and the lower curve for 40 to

Froure 4.—Trapped protons: unidirectional intensity 110 MeV protons. Note that the ordinate
at magnetic equator.

must be divided by 1000 to get the integrated
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flux of energetic protons. Thus the peak flux
‘of protons greater than 40 MeV is about
2 X 10° protons/cm?-day and the minimum flux
is about 7 X 107 protons/cm>-day. The periodic
variation in the daily integrated intensity re-
sults, of course, from the latitudinal oscillations
of perigee.

The low energy proton distribution is illus-
trated on the left-hand side of figure 3. Davis
and Williamson (ref. 7), using a scintillation
counter sensitive to protons in the energy
range 120 keV to 4.5 MeV, have demonstrated
the existence of an important proton com-
ponent of the outer zone. As illustrated here,
they find fluxes of the order of 10® protons/
cm’sec on magnetic field lines that cross the
equator between 3 and 5 earth radii. The
integral intensity of these low-to-moderate
energy protons falls in direct proportion to the
geomagnetic field energy density out to the
boundary of durable trapping. As a general
rule (for electrons as well as protons), beyond
the outer zone peak at approximately 3.5Rg
the particle energy spectra tend to soften with
increasing radial distance. For example, fitting
the energy spectrum to an exponential law,
Davis and Williamson (ref. 7) find that the
e-folding energy is 400 keV at L~2.8 Ry,
120 keV at L~5.0, and 64 keV at L~6.1.

ELECTRONS

Let us turn now to the Van Allen electrons.
Relatively high intensities of naturally occur-
ring low-to-moderate energy electrons are
found throughout the entire region of durable
trapping within the magnetosphere. Unfortu-
nately, the electron spectra of the inner zone
had not been adequately studied prior to the
Starfish nuclear detonation. However, it was
known that a flux of some 10® electrons/cm?-sec
of energy greater than 40 keV'is found in the
inner radiation zone. O'Brien (ref. 8) esti-
mates that the integral intensity above 600 keV
is only some two orders of magnitude below the
E>40 keV figure. Thus, the natural inner
zone electrons outnumber their energetic proton
companions by several orders of magnitude.
With regard to spectrum, with Injun I data,
Pizella et al. (ref. 9) obtained a fit to an
exponential spectrum with an e-folding energy

of 160 keV. This was in reasonable agreement
with the measurements of Holly, Allen, and
Johnson, but in disagreement with the then
popular neutron albedo theory of the source
of the inner zone electrons.

The Starfish nuclear detonation of July
1962 liberated some 10¥ energetic electrons
within the magnetosphere. Mecllwain (ref.
10) estimates from Explorer 15 measurements
that by November 5, 1962, the total number
of electrons with energies greater than 0.5 and
5 MeV on all magnetic shells labeled by
L<1.62 Rgwere 8.8 X10* and 9.8 X 10%, respec-
tively. This indicates that some 1.29, of the
electrons available from the explosion were
still trapped 120 days after the event.

Figures 8 and 9 illustrate the distribution of
these electrons in space. Figure 8 is for elec-
trons of energy greater than 5 MeV. It shows
the contours of constant omni-directional in-
tensity. (Actually plotted are logarithms of the
omni-directional intensity.) The fluxes shown
vary over some two-and-a-half orders of magni-
tude. The secondary maximum seen at L~1.75
is presumably due to electrons injected by the
Soviet nuclear detonations in late October and
early November. Figure 9 shows a similar
set of contours for E>0.5 MeV electrons.
Again the Starfish peak at L~1.3 and the
Soviet peak at L~1.75 are evident.

Figure 10 shows the radial profiles of the
electron intensities for several values of mag-
netic latitude. Also shown are the proton in-
tensities. This slide represents the intensities
found on 1 January 1963, or about 1% months
after the data shown in the last two figures.
It can be seen that the electrons from the Soviet
bursts have almost disappeared or been masked
by the Starfish or natural electrons. This is
particularly evident in the >>0.5 MeV energy
electrons. The rise in intensities beyond L~3.5
represents the heart of the outer radiation zone.

A matter of extreme interest is the decay
time of the Starfish electrons themselves.
Figure 11, also due to Mecllwain, shows the
measured decay times for E>0.5 MeV elec-
trons as a function of radial distance (ref. 10).
These are the times required for the electron
intensities to decrease by e. It is seen that in
the region of the Starfish intensity peak, decay
times of the order of 200 to 300 days are evident.
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Ficure 8.—Spatial distribution of trapped electrons (>5 MeV) 10 November 1962, following Starfish nuclear
detonation of July 1962.
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Ficure 9.—Spatial distribution of trapped electrons (>>0.5 MeV) 10 November 1962, following Starfish nuclear
detonation of July 1962.
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Figure 11.—Decay time of Starfish electrons.

It is believed that beyond L~1.7 the trapped
electrons are strongly perturbed by magnetic
disturbances.

Recently Walt and MacDonald (ref. 11) have
calculated the predicted effects of the ambient
atmosphere on trapped electrons. Figure 12
shows the comparison between the Walt and
MacDonald theoretical electron decay times
and the experimental Starfish electron decay
times. It is concluded that during periods of
minimum solar activity, atmospheric collisions
are the most important loss mechanism for
electrons in the region LZ1.25.

THE GEOMAGNETICALLY TRAPPED RADIATION 13

104 ® THEORY L4
© McILWAIN
2
3
L
s 103
2
o
w L
z
- Q o
> o] o] o
g ¢
w
e 3
4
w02l
L ]
A
10 ] | 1 | i
10 11 1.2 13 1.4 15

Fiecure 12.—Comparison of experimental and theoret-
ical values of the decay rates of artificially injected
electrons as a function of L. The time constants
given here are appropriate to the time period 110<<t<<
200 days after the detonation and are the times re-
quired for the omnidirectional flux in the equatorial
plane to decrease by a factor of 2.718. The open
circles are experimental points of Mcllwain; solid
circles are theoretical values.

The Walt and MacDonald theory has also
been used to predict the time variation of the
count-rate of a small heavily shielded geiger
tube of the type flown by Van Allen et al. on
the satellites Injun I and III (refs. 11 and 12).
The results of the comparison between theory
and observation are shown in figure 13. The
lines represent the theoretical prediction and
the symbols the actual data. The various
curves represent different values of B, all for
L values from 1.175 to 1.195.

Figure 14 gives one some feel for the long time
variation of the counting rates of the same de-
tector (ref. 12). Also shown for comparison
are the background rates derived from pre-
Starfish Injun I data. Current estimates of
the time required for evidence of the Starfish
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electrons to disappear range from 10 to 20
years, although the enhanced atmospheric
heating during the coming solar maximum may
require that these estimates be modified some-
what.

Only naturally occurring electrons are found
in the outer radiation zone, that is, beyond
L=~3. Frank, Van Allen, Whelpley, and
Craven (ref. 13), using Explorer 14 data, have
found these sample values of the outer zone
electron intensities at L ~6:

J,(E,>40 keV)=1.5X10%/cm?sec
J(E,>230 keV) <1.5X10%/cm2-sec
J(E,>1.6 MeV)=2X105/em’sec

Figure 15 shows the radial profiles of the
outer zone electron intensities. The solid circles
represent the penetrating electron component.
The sharp peak at 25000 km represents the
heart of the classical outer Van Allen belt. The
open circles are the count-rates of an E>40
keV electron detector. It has been found that
as the measurements have been pushed to lower
energies, the radiation is found to more nearly
fill the entire magnetosphere, at least on the
sunlit side of the earth. Here it can be seen
that the £ >>40 keV electron flux is uniform
to within an order of magnitude out to the
magnetopause, which here occurs at about
70000 km. There is in reality a great deal of

fine structure in the soft electron flux which is
not shown in this graph. This fine structure
is absent in the energetic electron fluxes. Both
the hard and soft electron components in the
outer zone exhibit dramatic temporal variations
during magnetic storms. With the onset of a
magnetic storm sudden commencement, the
outer zone soft electron flux increases suddenly,
often by several orders of magnitude. At the
same time there is a diminution of the hard
electron flux, which subsequently undergoes a
slow recovery, often to intensities above the
prestorm level. The recovery time constants
for both the hard and soft components are
typically of the order of several days (ref. 14).
The most recent information on the soft
electron fluxes in and near the magnetosphere
comes from Explorer 18 or IMP-1. In figure
16, Kinsey Anderson (ref. 15) has depicted the
distribution of £>40 keV electron fluxes in the
magnetosphere with an equatorial cut. The
sun is on the left, the dashed line represents the
bow wave shock front, and the solid line just
inside it is the magnetopause. In addition to
the trapped radiation near the earth, one notes
that significant fluxes of energetic electrons are
found on the night side of the earth at distances
as great as 30 earth radii. The fluxes may
continue at least as far as the orbit of the moon.
The cut-off in this diagram represents satellite
apogee and not the limit of the phenomenon.
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3—Review of Galactic and Solar Cosmic Rays

F. B. McDonaLp
Goddard Space Flight Center, NASA

The energetic particle population in inter-
planetary space extends from “solar wind”
protons in the keV range to ultrarelativistic
particles associated with the galactic cosmic
rays. The population in this region of space
is highly variable. Not only are the galactic
cosmic rays strongly modulated by the solar
wind, but there are frequent great injections of
solar cosmic rays that give rise to particle fluxes
an order of magnitude greater than galactic
cosmic rays. Interspersed with these events
are small recurrent streams associated with
particularly active solar regions and producing
streams of protons in the 1 to 10 MeV range.
This paper attempts to summarize some salient
features of both the galactic and solar cosmic

rays.
GALACTIC COSMIC RAYS

The galactic cosmic rays were first discovered
some 50 years ago, but even now their study
is one of the important problems in physics and
astrophysics. Following World War I, until
the late 1940’s, cosmic ray studies were nearly
synonymous with high energy physics. The
nuclear interactions of the high energy primaries
with the nuclei of the upper atmosphere, and
the resulting electron and nuclear cascades
down through the atmosphere, furnished the
particle beam for discovering the positively
charged electron (positron), the x and » meson,
and the early heavy mesons or “strange par-
ticles.” Since the cosmic rays interact with
air nuclei, it is clearly necessary to get beyond
the earth’s atmosphere to obtain quantitative
studies of most of the properties of the primary
beam. With the development of large Skyhook
balloons and, more importantly, the advent of
earth satellites and probes, it has been possible
to obtain far more definitive information on

the nature of the primary radiation. Strongly
coupled with this is the discovery of great
discrete radio sources emitting polarized radio
signals which can apparently be explained only
in terms of synchrotron radiation from highly
relativistic electrons. This important link to
astrophysics is further emphasized when we
realize that the energy density of the primary
radiation is about 1 electron volt per cubic
centimeter. This is comparable to the energy
density of starlight, to the energy contained in
the galactic magnetic fields, and to the energy
due to turbulence through the galaxy. Because
of the very great energy of the particles, we
assume they cannot be contained in our solar
system and are therefore generated in the
galaxy, possibly by a variety of sources. When
we observe them near the earth’s orbit, they
have already undergone three basic processes:
(1) initial acceleration followed by diffusion
through the galaxy; (2) possible post-accelera-
tion; and, finally, (3) modulation by the solar
wind. However, it is more convenient to order
the experimental information in the following
way: (1) chemical composition or charge dis-
tribution; (2) energy distribution; (3) spatial
distribution.

Charge Distribution

The multiply charged particles observed in
the primary cosmic ray beam furnish us a di-
rect sample of galactic material. Figure 1
demonstrates one method of doing high energy
chemistry (ref. 1). Illustrated here are tracks
of heavy nuclei, ranging from hydrogen through
iron, in a nuclear emulsion. As one progresses
towards the heavier nuclei, the strong coulomb
interaction between the stripped nucleus and
the electrons of the elements in the emulsion
produces delta rays or ‘“knock-on” electrons,
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Z=26.

FIGURE 1.—Reproduction of tracks of primary cosmic rays of hydrogen to iron in nuclear emulsions.

which provide one means of charge identifica-
tion. The measurements to date on the chem-
ical abundances are summarized (refs. 2 and 3)
in tables 1 and figure 2. The striking feature
here is the overabundance of elements in the
range greater than carbon and the presence of
lithium, beryllium, and boron. This suggests
two things: first, that the initial injection and
acceleration of cosmic rays occur in a region
rich in heavy nuclei; second, that the light
nuclei Li, Be, B are formed by fragmentation
of these heavy nuclei in nuclear collisions with
interstellar hydrogen. We know reasonably
well (ref. 3) the fragmentation parameters for
the production of Li, Be, and B in the breakup
of heavy nuclei, and this makes it possible to
estimate the average amount of material
traversed by the cosmic rays. The best cur-
rent estimate (ref. 4) is 2.5 gms/ecm?  Figure 2

shows further details of the chemical composi-
tion; it reveals that the nuclei of even Z tend
to predominate over those of odd Z. There also
appears to be a dearth of elements in the region
just before calcium. Recent studies have in-
dicated that electrons in the energy interval
greater than 100 MeV constitute approxi-
mately 1% of the primary beam (refs. 5 and 6).

Energy Distribution

The next distinguishing feature of the galactic
radiation is the energy spectrum. Observations
now extend from 107 to 10" electron volts.
Particles with total energies of approximately
102 electron volts have been observed (ref. 7).
Figure 3 shows the integral flux values over the
complete range. In the region up to approxi-
mately 20 GeV, data have been obtained (vefs.
8 and 9) by direct observations with satellites,
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TasLE 1

Chemical Composition
Galactic Cosmic Rays

G z Intensity/;aeter’- Intensity Average in
roup ster-sec > 1.5 Intensity Z=10 universe *
GeV/Nue Intensity Z=10
Hydrogen_ ____________ 1 1300 680 3360
Helium________________ 2 88 46 258
Li,Be, BL.____________ 3-5 1.9 1.0 108
C,N,O Fo . _____ 6-9 5.7 3.0 2.64
ZzNeon._____________ 210 1.9 1.0 1.
Z2Caleium_.__________ =20 .53 .28 .06

SERYLLIUM

CARBON
NITROGEN

OXYGEN

MAGNESIUM
ALURINUM
SiLICON
PHOSPHORUS
SULPHUR
CHLORINE
ARGON
POTASSIUM
CALCIUM

INTENSITY / Cm= sec - ster

SCANDIUM
TiTANIUM

VANADIUM
CHROMIUM

MANGANESE
IRON IS. L Ly . \

T R B E YW h e = 0° g2 Wt 10
ENERGY (eV)

N

Fi1GURE 2.—Relative intensily of charge particles Z>2. Figure 3.—Integral energy spectrum of primary nu-
cleons.

space probes, or balloons. The intermediate

region around 10'* eV data have been obtained  j(» E).___—K_ particles/cm?-sec-ster with

by the study of high energy interactions under- (1‘_*'E).7

ground (refs. 10 and 11); and the highest energy kinetic energy >K(GeV)

(>~10% eV) data are based on studies of ex-  y changes from 1.5 at the lowest energy interval

tensive air showers (refs. 12 to 14). The best {5 a value in the range 1.7 to 2.17 at the highest.

estimate now is that if we represent the integral  Recent data tend to suggest that at even higher

spectra in the form energies vy possibly assumes a smaller value.
773446 0—65——3
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The best experimental evidence at present in-
dicates that, in the range 10° to 10 eV, the
charge composition is not a function of energy.
As one goes to much lower energies, it is ex-
pected that the energy loss in the traversal of
the 2.5 gms/cm? of hydrogen will play an impor-
tant role and one should then see different energy
spectra in this region for different components.
Figure 4 shows the low energy differential spec-
tra for protons extending down to approxi-
mately 10 MeV. These measurements (refs.
15 to 19) were taken in mid 1963 and 1964 and
presumably represent conditions just prior to
solar minimum. It is observed that the low
energy portion of the spectrum is steeply falling
as a function of energy. In the region 10 to
100 MeV, these measurements were made
aboard the IMP-1 spacecraft.

Spatial Distribution

It appears that the primary cosmic radiation
is essentially isotropic over the celestial sphere.
The amplitude of anisotropy (refs. 20 and 21)
is probably not greater than 19, in the region
up to approximately 10" eV. At medium
energies (greater than~500 MeV), there may
be small anisotropies associated with the solar
modulation. Studies in the low energy range
(10 MeV to approximately 300 MeV, for
example) have not been made.
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Ficure 4.—Low energy differential energy spectra of
primary cosmic ray protons in time interval close to
solar maximum.

SOLAR COSMIC RAYS

During the period 1956 to 1963, there were
at least 64 occasions when the sun accelerated
nuclei to energies greater than a few MeV, and
these particles were subsequently detected in
the vicinity of the earth. These solar cosmic
ray events are of fundamental scientific im-
portance. Not only should they provide in-
formation on solar processes, but their propaga-
tion characteristics should give new clues to the
magnetic field configurations in the vicinity of
the sun and in interplanetary space. These
solar particle outbursts also pose important
considerations for manned space travel in such
programs as the forthcoming Apollo flights.
Some of the pertinent features of these events—
size and frequency of occurrence, energy and
charge spectra, and propagation characteris-
tics—will be summarized here.

Frequency and Size Distribution

The solar production of cosmic rays was first
observed by Forbush (ref. 22) in 1942 by means
of sea level ionization chambers. Neutron
monitors, introduced in 1949, offered greater
sensitivity but still responded primarily to
particles with kinetic energies >1 GeV at the
top of the atmosphere. The identification of
polar-cap absorption events with solar particle
emission by Bailey (ref. 23) provided a means
of extending the observations to much lower
particle energies. This method was extended
by Reid and Collins (ref. 24). It is based on
the attenuation of galactic radio noise due to
the enhanced ionization produced by these
events in the vicinity of the polar D layer.
Finally, the direct particle observations by
balloon, rocket, and satellite-borne instrumenta-
tion have greatly extended our knowledge of
these events. By using all these methods (ref.
25), some 64 events have been detected over
the interval around solar maximum. There
were probably additional small events which
were not detected.

Because of the uncertainty in the detection of
small events, it seems worthwhile to introduce
a threshold and to consider only those events
which are greater than this threshold. The
arbitrarily chosen threshold is limited to those
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with a minimum integrated intensity of 10°
particles/cm? at energies ~>30 MeV observed at
the earth. (This is comparable to the in-
tegrated intensity of the galactic cosmic
radiation for one week.) This, then, reduces
the total number of events to 30 over the six-
year period (ref. 24).

The 12 and 15 November 1960 events cer-
tainly are two of the largest events ever re-
corded. Since these two events were studied
in detail by a number of rocket, balloon, and
satellite observations combined with numerous
riometer and neutron monitor measurements,
they are by far the best documented of the great
events. The time history of these two events
(ref. 26) is shown in figures 5 and 6. It is to be
understood that the second event follows im-
mediately after the first. In the 12 November
event, there are two maxima displayed in the
>500 MeV region. The second maximum is
associated with the passage of a plasma cloud
that also generated a large magnetic storm and
produced a Forbush decrease (which can be
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Figure 5.—Time history of three integral energy
regions from 12 November 1960 event.
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Ficure 6.—Time history of three integral energy
regions from 15 November 1960 event.

described as a depression or sweeping out of the
galactic cosmic rays).

The event on 15 November 1960 was marked
by strong anisotropy during the first hour (ref.
17). The high intensity phase has a very rapid
rise followed by a regular decay (fig. 6). The
integral flux greater than 20 MeV reached a
maximum 20 hours after the flare. Again, in
figure 6, the integral time history at three energy
levels is shown.

Charge Composition

The charge composition of the cosmic radia-
tion was first studied extensively by Fichtel et al.
(refs. 28 and 29). They observed a proton/med-
ium nuclei (medium nuclei=carbon, nitrogen
and oxygen) ratio of ~2000 in the energy range
42.5 MeV to 95 MeV; a proton/helium ratio of
33 in the same energy interval; and a helium/
medium ratio of 60. While these small abun-
dances imply that heavy nuclei are not of im-
portance from the manned space travel view-
point, nevertheless the fact that the sun ac-
celerates these nuclei to moderate energies
is of enormous astrophysical significance. The
charge spectrum of Biswas, Fichtel, and Guss
is given in table II. All values have been
normalized to a base of oxygen=10. Also
shown for comparison is the relative abundance
in the solar atmosphere and in the galactic
cosmic rays. It is seen that the solar cosmic
rays agree well with the relative abundance in
the solar atmosphere and differ significantly in
several areas from that observed in the galactic
cosmic rays.

ENERGY SPECTRUM OF THE SOLAR COSMIC RAYS

It is important to determine the spectral
characteristics of the solar cosmic rays. To
date, the methods it has been possible to devise
cover only a small dynamic range in energy for
fixed n. The general practice has been to repre-
sent the differential spectrum of the solar
particles in the form dJ/dE=K/E™ where E is
the kinetic energy and = varies over the range
1to 6. In order to apply this formula over an
extended dynamic range, it is necessary to vary
n as & function of energy, that is, to have n
decrease as the energy decreases. The measure-
ments of alphas and heavy nuclei strongly sug-
gest that both charge components display the
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TasLe IT

Relative Abundances of Nuclei Normalized to a Base of 1.0 for Oxygen

Element Solar cosmic rays Sun Universal Galactic cos- .
abundances mic rays

sHe - ____._____ 017314 ? 150 48

sl | e <<0.001 <<0.001 0.3

BB <0.02 < <0.001 < <0.001 0.8

6C e e 0.5940. 07 0.6 0.3 1.8

AN e 0.1940.04 0.1 0.2 <0.8

6O 1.0 1.0 1.0 1.0

oF . <0.03 < <0.001 < <0.001 <0.1

wNe. _____________ 0.1340.02 ? 0.40 0. 30

aNa - | e 0. 002 0.001 0.19

weMg. . 0.043+0.011 0. 027 0. 042 0.32

Al | oo 0. 002 0. 002 0. 06

WwSio oo 0.033+£0.011 0.035 0. 046 0.12

1wP-g18c o ______ 0.057+0.017 0. 032 0. 027 0.13

29 Ti-peNi .. ____ <0.02 0. 006 0. 030 0.28
same rigidity spectrum (ref. 28). It is most 00— T T T T T T
convenient to think of rigidity simply as i~ =
momentum per unit charge. Freier and Web- B .
ber (ref. 30) have proposed a representation in ) i T
the form of exponential rigidity as given by the 0% — 1720 JULY 18, 1961 E
formula z Tuoo sm 3, mo\g\ °f‘; HOY 15, 1460 ]

dJ_dJ,(t) | [_ P ] “hig i

dP dP P,(t) % 10 é_ \é ‘\N\# t‘§\§\ —§
where P, is a characteristic rigidity which & [ : \\., N N
is a function of time, dJ,/dP also is a x [ 0100 JitY “'\m' \f \ A
function of time, and P is the particle rigidity. ; 10— y N —
This has produced a remarkable simplification § £ K \ Xi 3
of the spectra of the solar cosmic rays as shown ¥ [ H NG 100y 7, 199 ]
in figure 7. It is still debatable how low in B \; \ ]
energy a rigidity representation can be ex- 01— 0500 MAY 12, ,,s,é —
tended. In most events it is not applicable in = =
the region below 50-30 MeV; below 30 MeV, it - ]
predicts an intensity which is too low compared i %\ ]
to the observations. It does, however, appear oL 0%2 ol" o{s 01; 1%0 ,!2 1.14‘ v

to be well followed in the higher energy regions.
It has been observed that both P, and J, are
functions of time. These are shown for the
November 1960 events in figure 8. The con-
ventional representation for these events has
been discussed in a previous section of this
paper. While P, appears simply to decrease
as a function of time, J, displays a complex
behavior which is probably strongly dependent
on the interplanetary electromagnetic condi-

RIGIDITY (BV)

Ficure 7.—Integral proton spectra are shown as
exponentials in rigidity at selected times for six dif-
ferent solar flares. Data points taken from counter
ascents are shown as solid symbols; those taken with
emulsion are shown as open symbols.

tions near the earth’s orbit. For example, at
the time of the November 15 cosmic ray flare, a
solar plasma front was enroute to the earth from
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Ficure 8.—Time history of the intensity and spectrum
of solar particles during the events of November 1960.
The values of J, are determined by various techniques
and include riometer, balloon, rocket, satellite, and
neutron monitors.

a previous flare in the same solar region. Fol-
lowing the sudden commencement on Novem-
ber 15, the total intensity of solar particles
increased by an order of magnitude, and the
spectrum steepened appropriately. This is
reflected in the strong increase in J, at that
time. A similar behavior is noted for the
plasma cloud associated with the 12 November
event. It is important to note that this tech-
nique is not applicable for the onset or beginning
of the solar flare and applies only when a
reasonable equilibrium has been established
following flare maximum.

PROPAGATION CHARACTERISTICS

The data obtained from the satellites and
space probes have made it possible to observe
in detail the onset and decay phase for a number
of solar proton events. One example of a
great variety of data that has been collected by a
number of observers is the 85 MeV data from
Explorers XII and XIV which is shown in
figure 9. The detailed energy spectrum for the
28 September 1961 event is shown as a function
of time (refs. 31 and 32) (fig. 10). This
particular event can be characterized as medium
sized but contains several striking features.

i
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Figure 9.—The intensity of 85-MeV protons versus
time after the type IV emissions during the five pri-
mary solar proton events. The shapes of only two
events, those of 28 September 1961 and 23 October
1962, are seen to be quantitatively similar, as moni-
tored in this manner.

For example, in figure 11 the behavior of the
intensities of the various differential components
for this event has been plotted not as a function
of time but simply as a function of distance
travelled. Distance travelled is simply the
product of particle velocity and the time from
the flare. The intensity curves of the various
components have then been vertically scaled
to give the best fit to a common curve. It is
then noted that all components lie very closely
on a common curve. This has been interpreted
by the authors as a measure of the probability
that a particle should travel a given distance
before reaching the earth from the sun.

The fact that they fall on a common curve
shows that particles of all energies travel a
given path length with equal probabilities.
The distance travelled by most particles is
an order of magnitude larger than one astro-
pomical unit. This indicates that propagation
involves an important degree of scattering.
Furthermore, in the energy region studied,
that is, below 1 GeV, the degree of scattering
is not a function of energy. This suggests that
the mode of propagation is a diffusion-like
process. A number of other observers (refs.
32 and 34) have been able to fit solar proton
data to a simple diffusion process as represented
by (ref. 33)

N MR
w(M, =g amm P,
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Ficure 10.—The differential intensities of solar pro-
tons during the 28 September 1961 event plotted
against time after the X-ray burst at the sun. The
data were interrupted when the satellite passed
through the magnetosphere and when the delayed
increase occurred on 30 September 1961.

where

N=particle/unit energy/solid angle at
source measured at =0,
R=—distance from source, and 7=t
where Q=w)\/3, w=nparticle veloc-
ity,
A=diffusion mean free path.

It has also generally been necessary to add a
boundary to explain the observed change from
a power law to exponential data. The present
simple representation of velocity dependence
makes it possible to extrapolate back to zero
distance (ref. 31), and this extrapolation makes

lo‘ T Ll
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~e—230 MEV
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| i0 100 1000
DISTANCE TRAVELLED (ASTRONOMICAL UNITS)

Figure 11.—The intensity versus time plots for the 28
September 1961 event (figure 10) converted to relative
intensity versus distance plots. The distance is com-
puted for each energy component by taking the
product of the corresponding particle velocity and
time from the event; the intensities are scaled to
give the best fit to a common propagation curve.
This fit occurs over a dynamic range in energy of a
factor of a few hundred, a velocity range of a factor
of 14, and a time duration of several days.

it possible to determine the source spectrum.
These are shown for a number of events in
figure 12. The source spectra appear to be
well represented by power laws in kinetic
energy. This is not in disagreement with the
representation of the spectra in the form of
exponential rigidity. In the latter case, one
is dealing with particles after they have prop-
agated through interplanetary space, while
the source spectra represent the particles at
the sun immediately following acceleration.
In the event of 28 September 1961, a great
increase was observed at the time of the large
magnetic storm some 50 hours after the primary
event. It was almost an order of magnitude
increase in the low energy particles as seen
in figure 13. This was followed by a small
recurring event (fig. 14) some 27 days later
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Ficgure 12.—The source spectra of three solar proton
events. The intensities plotted are arbitrarily chosen
to show the maximum intensities reached at the
earth; as explained in the text, the relative sealing of
the two sections of the spectrum of 10 November is
not necessarily meaningful. In the case of the solar
proton events which totally conform to a velocity-
dependent behavior, such as those of 28 September
1961 and 23 October 1962, the source spectrum is the
unique differential energy spectrum of the protons at
the time of their escape from the sun; in each event
the source spectrum is proportional to that shown
here with a constant which depends in an unknown
way on the geometry of propagation.

when the same solar region again passed central
meridian.

It now appears that these recurring events
are a common feature of active regions. How-
ever, they contain predominantly low energy
particles, that is, less than ~50 MeV with
steeply falling energy spectra, and do not
change the picture in terms of the radiation
hazards to man in space.

Consistent with these observations are the
studies by Guss (ref. 35) of the distribution in

0%} _PRE—FLARE LEVELS
P TONS
s| { ~!% PRO
0 \\‘\\9-20 MEV
AN
N
) o !
€ 10 \\\
5 =,
g 0% ANl
(|_;>_| . 'I --------------- -\'*"—
o 10° F\
5 PROTONS>
30 MEV
o 10 \
-l \*
2 (\‘\\
F‘ - ———— - r\ - P — . @ . | e ®
<
T \
PROTONS
103} 200-300 MEV
L
] -_.._\:;_“:;--_
102} \
l\\
i
] 1 1 { } | ] (] 1 ]
28593011 234567
SEPT. OCT.
1961

Ficure 13.—Representative proton intensities between
28 September and 7 October, showing the delayed
intensity increase of predominately lower-energy pro-
tons on 30 September 1961. The energy spectra of
these particles are relatively constant with time,
unlike those of the velocity-ordered primary solar
proton event, and their arrival times are essentially
constant with energy, occurring at the time of arrival
of the enhanced solar plasma, two days after the flare.

heliographic longitude of flares which produce
energetic solar particles. Guss has found that
flares from a single 10° interval in heliographic
longitude caused most of the large solar particle
events over the last solar cycle. He has inter-
preted this to indicate the existence of a center
for the formation of active regions which per-
sisted for more than 73 rotations. Figure 15
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Ficure 14.—The intensity of protons of energy above
3 MeV between 30 September and 28 October 1961.
The delayed increase on 30 September is superposed
on the primary solar-proton intensity decay, and the
recurrent event on 27 October follows the com-
pletely event-free intervening period.

shows the heliographic longitudes for flares
which produced solar particle events between
1955 and 1962 during the last solar cycle. The
series of flares between 80° and 90° produced
the largest particle events of that cycle—the
event of 23 February 1956 and the multiple
events of July 1959, November 1960, and July
1961. The remainder of the events during the
last solar cycle also fall into longitude bands,
but not so sharply defined. Guss found that
the events between 240° and 280°, with one
exception, occurred between 20 January 1957
and 23 March 1958, indicating the existence of
an active site which lasted for more than a year.
The events between 210° and 220° are those of
March through September 1960. The interval
between 160° and 190° contained events which
occurred between 9 August 1957 and 10 May
1959. The interval between 110° and 140°
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Figure 15.—Number of solar particle events versus
heliographic longitude with the central meridian
during the 23 February 1956 event set to 0°, and
assuming a rotation period of 27.04 days. The
particle intensity with kinetic energy >30 MeV
detected at the earth® integrated over the particle
event is X, I>108 particles/fem?; NI, I>5 x 108
particles/cm?; open squares, I<<5 x 10% particles/
cm2. A dot in a square signifies that there was a
neutron-monitor rate increase, indicating the pres-
ence of a significant number of particles with kinetie
energy greater than about 5000 MeV. Light lines
are used to separate individual events and heavy
lines to separate individual active regions.

includes events from 6 June 1958 to 22 August
1958 and the two small events of 10 September
and 28 September 1961. Finally, he observed
a dearth of activity in the longitude interval
between 280° and 80°. Thus, a single well-
defined longitude region was responsible for
most of the intense particle events of the last
solar cycle. The fact that this region can be
compressed into a 10° band of longitude with
a suitable choice of the period of solar radiation
would indicate that this site rotated at constant
rate as observed through the variable rotation
of the photosphere.

Several excellent summaries on solar protons
have appeared. These include a review of
solar cosmic ray events by W. R. Webber in
the AAS-NASA Symposium on the Physics of
Solar Flares (ref. 36) and D. K. Bailey (ref. 37)
in the Tenth Report of the Inter Union Com-
mission on Solar and Terrestrial Relationships.
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4-—The Magnetosphere and Its Boundary Layer

NorMaN F. Ngss

Goddard Space Flight Center, NASA

More than 30 years ago, in an attempt to
explain the characteristic storm-time fluctua-
tions of the geomagnetic field, a solar origin was
postulated by Chapman and Ferraro (ref. 1).
It was suggested that the sun, at times of solar
disturbances such as flares, emitted a neutral
but ionized gas referred to as a plasma. When
this plasma reached the earth, it compressed the
earth’s magnetic field and contained it in a
region of space surrounding the earth. The
cavity in the solar plasma thus formed has been
termed the Chapman-Ferraro cavity, and the
mechanism of its formation has been reason-
ably successful in explaining the temporal
characteristics of various geomagnetic sudden
commencement and other storm phenomena.
A naive representation of the interaction of the
solar plasma with the earth’s magnetic field is
shown in figure 1. Here the individual particles
are assumed to be specularly reflected at the
boundary of the earth’s magnetic field. The
region within the boundary, the geomagnetic
cavity, has been referred to as the magnetosphere
since the dominant factor influencing charged
particle motion within this region of space is the
earth’s magnetic field. In the remainder of
this paper, the terminology will utilize mag-
netosphere rather than the Chapman-Ferraro
cavity.

In an attempt to explain the fluctuations and
characteristics of type I cometary tails, Bier-
mann (ref. 2) early in the 1950’s suggested that
a continual flux of solar plasma was required.
This was similar to that postulated by Chap-
man and Ferraro (ref. 1) in their theoretical
studies. Subsequent to this, Parker (ref. 3)
developed his hydrodynamic theory of the ex-
pansion of the solar corona referring to the
phenomena as the ‘“solar wind.” This was

predicted to consist of ionized gas with the
principal constituent being hydrogen and flow-
ing radially from the sun with flux values of 107
to 10" particles/cm?/sec. The energy of the
particles was assumed to be approximately 1
keV. Direct measurements of this solar wind or
plasma have recently been performed by means
of satellite measurements conducted both by
this country (refs. 4 and 5) and by the USSR
(ref. 6). As a part of the overall NASA pro-
gram investigating the characteristics of the
interplanetary medium on a continuing basis, a
series of interplanetary Explorer satellites has

MAGNETOPAUSE

Ficure 1.—Naive representation of the interaction of
the solar plasma with the geomagnetic field. Direct
impact of the plasma with the magnetic field is
shown as being specularly reflected from the geo-
magnetic or Chapman-Ferraro boundary. The dis-
tance to the boundary at the subsolar point on this

2 1/6
basis is given by Rcz[i] R, where R, is
- 4rmn V2
the radius of the Earth, B, the equgtorial magnetic
field strength, V, the velocity of the solar plasma,
and n the plasma density (m being proton mass).

See Figure 7.
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been developed. Figure 2 presents a photo-
graph of the IMP-1 satellite, the first Inter-
planetary Monitoring Platform in this series
which was successfully launched November 27,
1963. It transmitted information on the char-
acteristics of magnetic fields, plasmas, and
energetic particles in the region surrounding the
earth for a period of more than six months.
The apogee of the satellite was 31.7 R, (earth
radii) or 197616 km, with an orbital period of
93 hours. The interaction of the solar wind
with the earth’s magnetic field leads to a dis-
tortion of the earth’s magnetic field and also
creates a disturbance in the flow field of the
solar wind. This paper is concerned princi-
pally with the distortion of the earth’s magnetic
field and the resultant boundary layer region
between the magnetosphere and the undisturbed
interplanetary medium as measured by the
IMP-1 satellite.

A broad complement of experiments in the
measurement of energetic particles, low energy
plasmas, and magnetic fields was instrumented
for flight on the IMP-1 satellite. Table I
presents a summary of the various instru-

FiGure 2.—Photograph of the first Interplanetary
Monitoring Platform, IMP-1, launched November

27, 1963. The unique appendages extending from
the spacecraft octagonal body support magne-
tometers at remote distances so that the magnetic
fields of the electronic components do not contaminate
the low field measurements. The satellite weighs
140 pounds and measures 14 feet from tip to tip of
the fluxgate magnetometer booms.
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Ficure 3.—Illustration of the solar-ecliptic coordinate
system employed to study the characteristics of the
interaction of the solar wind with the geomagnetic
field. See text for an explanation of the specific
parameters X, Y, Z,, 60, and &.

ments with their measurement range and
energy characteristics. Figure 3 presents the
solar-ecliptic coordinate system appropriate
for studying the interaction of the solar wind
with the earth’s magnetic field. In this co-
ordinate system, the X-axis is directed at all
times from the earth’s center to the sun, the
Z-axis is chosen to be perpendicular to the
ecliptic plane, and the Y-axis forms aright-
handed coordinate system. In addition, two
angles are defined to represent a vector field:
6 being the latitude, positive above the plane
of the ecliptic and negative below; and & the
longitude, being 0° directed to the sun and 180°
when pointed away from the sun. The char-
acteristics of the highly eccentric IMP-1
orbit are shown in figure 4 as projected on
the ecliptic plane. The first four orbits are
shown, with the figures adjacent to the trajec-
tory indicating the time at which the satellite
was at a particular position in space. Upon
inspection of this figure, it is noted that, for
approximately 609, of each orbit, the satel-
lite is well beyond 20 R, distance from the cen-
ter of the earth. A corresponding view of
the orbit projected on a plane perpendicular
to the ecliptic plane is shown in figure 5. It
is seen from these two figures that the orbit
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TaBre 1

IMP Experiment Repertoire

[The separate experiments were provided by both NASA and University laboratories including: Goddard Space
Flight Center; Ames Research Center; and the Universities of Chicago, California, and MIT. Details of the
various energy ranges and sensor techniques are ineluded.]

Number Study Experiment Characteristics
1 Cosmicrays____________ Range/Energy loss___._____ —=--| 100 keV<P<200 MeV
2 Cosmicrays_ . _________. Total energy/Energy loss__._____ Energy, charge spectra
3 Cosmicrays____._______ Neher ionization chamber______ Total ionization
4 Cosmicrays. __._____.__ Orthogonal Geiger-Counter Spatial isotropy CR events

telescope.
5 Magnetic fields__._______ Rubidium Vapor Scaler Mag.____ ]l_?:l <2000 gammas
6 Magnetic fields__________ Fluxgate Vector Sensor Mag_.__ B <40 gammas
7 Solar wind________.___.__. Proton Flux—Electrostatic_ . ___ 200 eV P<20 keV
8 Solar wind______________ Proton Flux—Faraday Cup__.__ 10 k/s <Vp<1000 k/s
9 Solar wind______________ Thermal Ion—Electrons Few eV<electrons, ions
(Charged—Particle Trap).

of IMP-1 is a very elongated ellipse. This
paper shall utilize the experimental results
obtained from the magnetometers (ref. 7) and
the plasma probe (ref. 8) to illustrate the char-
acteristics of the magnetosphere and its bound-
ary region.

The results of the magnetic field measure-
ments on the inbound portion of orbit No. 1
are shown in figure 6. The experimental data
are presented as a magnitude 7 and two angles
6 and ®. Each data point represents the av-
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Fieure 4.—Projection of the first four orbits of IMP-1
satellite as viewed on the X,.-Y,, plane, the ecliptic
plane. The values adjacent to each trajectory orbit
refer to the date and/or time in hours when the
satellite was located at the indicated points.
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F1cure 5.—Projection of the first orbit of the IMP-1
satellite as viewed on the X,~Z,, plane. The posi-
tive Z,, axis points towards the north ecliptic pole.

verage of the vector magnetic field over a time
interval of 5.46 minutes. The satellite is
moving approximately 2 km/sec in this region of
space so that over this time scale the satel-
lite traverses a radial distance of approxi-
mately 660 kilometers. The measurements
at geocentric distances beyond 10.7 R, are
seen to be highly variable in both magnitude
and direction of the magnetic field. However,
at a distance of 10.7 R, the magnetic field
abruptly increases in magnitude to a value of
60 gammas and assumes a stable configuration.
The theoretical magnetic field to be measured
in space, extrapolated by spherical harmonic
apalysis from surface measurements, is shown
as dashed lines in this figure. The abruptness
in both magnitude and direction, as well as the
temporal characteristics of the magnetic field
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Freure 6.—Magnetic field measurements of the bound-
ary of the magnetosphere from IMP-1 inbound
orbit No. 1. The abrupt discontinuity in magnitude
and direction of the field at 10.7 R, is identified as
the boundary. Theoretical values for F, 9, and ® are
shown as dashed curves and do not include any com-
pression of the earth’s field by the solar plasma.

at and beyond 10.7 R,, are identified as the
boundary of the magnetosphere. It is seen
that the observed magpitude is approximately
twice that which would be theoretically pre-
dicted by considering the magnetic field in
space to be only that caused by the earth’s
undistorted magnetic field.

The containment of the earth’s field by the
solar plasma essentially doubles the magnetic
field strength at the boundary surface. This
can be understood simply by viewing the plasma
impacting the geomagnetic field as being rep-
resented by a plane boundary across which
the normal component of magnetic field must
be zero. This is related to the phenomenon
that in a highly conducting plasma, such as
the solar wind, the magnetic field is “frozen
into” the plasma motion. Hence, as a plasma

stream interacts with a magnetic field, it does

so by compressing the lines of force ahead of it.
Mathematically, this can be represented by

placing an image dipole on the sunward side
of the earth at an equal distance from the
boundary and, thus, the normal component of
the field is zero. This can explain both the
magnitude increase of the observed magnetic
field as well as the preservation of its direction.
This simplified viewpoint is not completely
correct, but is substantially valid as long as
the discussion refers only to the boundary near
the subsolar or stagnation point.

Utilizing this simplified theoretical model of
the solar plasma directly impacting the earth’s
magnetic field permits an interpretation of the
solar stream properties on the basis of the size
of the earth’s magnetosphere. On the assump-
tion- that the subsolar radial distance to the
magnetosphere boundary is 10.7 R,, it is seen
in figure 7 that plasma density ranges from 1
to 10 protons per cubic centimeter for velocities
between 200 and 600 km/sec. These plasma
values are representative of those which have
been measured on previous satellites and space
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Ficure 7.—Theoretical size of the magnetosphere at
the subsolar point assuming normal impact of the
solar plasma on the geomagnetic field. For a magne-
tosphere of 10.7 R, and assumed velocity of 400
km/sec, the deduced plasma density is found to be 2
p/em3.
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F1aure 8.—Time correlated MIT plasma and GSFC
magnetic field measurements on IMP-1 inbound orbit
1. The root-mean-squared deviation or variance esti-
mate of the magnetic field is shown as ¢X:, cY;,
and cZ:. The plasma flux values in both a solar
and antisolar direction are shown for the plasma
probe. Isotropic fluxes immediately outside the
magnetosphere boundary terminate at 13.7 R,
Directional fluxes are observed beyond this boundary,
which is identified as a collisionless magnetohydro-
dynamic shock wave.

probes. Thus, it would appear that the general
characteristics of the bounding of the earth’s
magnetic field by the solar plasma and the
distance at which it occurs can be reasonably
well understood on the elementary individual
particle basis.

However, this is not the complete story on
the characteristics of the magnetosphere and
its boundary region. A correlated set of data
from the MIT plasma probe and the GSFC
magnetic field experiment is shown in figure 8.
This included the same interval shown in greater
detail in figure 6. The important feature of
the MIT plasma detector, a Faraday cup, is
that it is directionally sensitive to the flow of
plasma. As the satellite rotates, the acceptance
aperture of the detector scans the celestial
sphere and includes orientations directly toward
and away from the sun. Shown on this figure

are the plasma flux values when the detector is
pointed almost directly toward the sun and
directly away from the sun. The difference
between these two measurements is a measure
of the anisotropy of the plasma flow. It is
seen that, at very large distances from the
earth, greater than 16 R,, the plasma flow is
principally from the sun. However, at a dis-
tance of 13.6 R,, the flow of plasma suddenly
comes apparently from all directions, that is,
the flux is isotropic. It is also at this point that
the fluctuations in the magnetic field increase
appreciably. These are measured by the root-
mean-squared deviations shown in the topmost
three curves illustrating the X, Y, Z components
of the deviation of the magnetic field over the
5.46-minute time intervals. The fluctuating
magnetic field and the isotropic plasma are
observed until the distance at which the mag-
netic field abruptly increases to a very large
value. This region of space surrounding the
earth’s magnetosphere in which a thermalized
or isotropic plasma flux is observed to be cor-
related with fluctuating magnetic fields is
termed the transition region of the magneto-
sphere boundary layer. This paper studies
this boundary layer, discusses its character-
istics, and attempts to present the current
concepts related to its formation.

The first measurements, clearly suggesting a
continual containment of the earth’s magnetic
field, were provided on the leeward side of the
solar wind plasma flow by the Explorer X
satellite in March, 1961 (ref. 9). Over an
interval of 48 hours, the magnetic field and
plasma were observed in a characteristic pattern
in which strong fields directed radially from the
earth were exchanged with periods during which
radial plasma flow from the sun and fluctuating
magnetic fields were observed. Conclusive
experimental evidence for the bounding of the
geomagnetic field by the solar wind was pro-
vided by the Explorer XII satellite measure-
ments of the magnetic field and trapped par-
ticle fluxes as reported by Cahill and Amazeen
(ref. 10) and Freeman, Van Allen, and Cahill
(ref. 11). Subsequent to the Explorer XII, the
Explorer XIV satellite provided additional
information on these characteristics. Thus far,
only limited summaries of the magnetic field
in these regions have appeared, although
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detailed discussions of the particle flux measure-
ments have been presented in numerous
articles. The plasma probes on board the
Explorer XII and XIV did not reveal the iso-
tropic fluxes observed on IMP-1.

Although the purpose of the IMP-1 satellite
was primarily to investigate the characteristics
of the interplanetary medium, the fact that the
satellite is gravitationally anchored to the
earth implies a traversal of the magnetosphere
boundary region twice each orbit. The results
of the IMP-1 satellite obtained in these traver-
sals have substantially confirmed and extended
our knowledge of the magnetosphere boundary
layer. Our overall interpretation of the results
is based upon an analogy with high speed aero-
dynamic flow. It is assumed that the magneto-
sphere acts as a blunt body which deflects the
flow of the solar plasma. An important aspect
of the rarefied solar plasma flow 1s that it con-
tains a magnetic field. The average inter-
planetary magnetic field value has been accu-
rately established by the IMP-1 satellite
(ref. 12). For the average solar proton of 1
keV energy, this leads to a Larmor radius of
approximately 500 kilometers. This small
characteristic length permits the use of a fluid
continuum approximation. This is also ap-
proximately the spatial resolution with which
the boundaries of both the magnetosphere and
the transition region are sampled. In this
magnetized plasma, the propagation of disturb-
ances is by magnetohydrodynamic waves as
contrasted to the supersonic gas dynamic case
when propagation is by acoustic waves. The
appropriate propagation velocity, the Alfvén
mode, is presented in figure 9 as a function of
plasma density and magnetic field strength.
The important feature of this diagram is that it
shows that, for the interplanetary medium, the
Alfvén velocity is characteristically less than
100 km/sec. The estimated velocity of the
solar plasma is 385 km/sec from the interpre-
tations of solar magnetic fields and the inter-
planetary magnetic field (ref. 12). Thus, the
flow of the solar wind is supersonic in the
magnetohydrodynamic sense. Actually, the
flow is hypersonic since the equivalent Mach
number or, more appropriately, the Alfvén
number is greater than 4. Under such con-
ditions, the well known phenomenon of a
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Freure 9.—The characteristic velocity of propagation
of disturbances in the interplanetary medium is the
Alfvén veloeity. This magnetohydrodynamic mode
is shown as a function of magnetic field strength, B,
and plasma density, ».

detached shock wave develops in the gas
dynamic case which encloses the disturbing
body in a region of space with a boundary across
which discontinuous changes in parameter
values occur. At the present time, the detailed
quantitative study of the physical properties
of the boundaries as observed by the IMP-1
satellite has yet to be completed. A particular
limitation to their detailed study will be the
spatial and time resolution limitations inherent
in the spacecraft orbit and telemetry system.
The detached shock wave which is observed in
gas dynamics has characteristics which closely
resemble that of the earth’s magnetic field
interacting with the flow of the solar wind.
The termination of the turbulent transition
region observed as the satellite moves radially
away from the earth is interpreted to be the
collisionless magnetohydrodynamic shock wave
associated with the interaction of the solar wind
with the geomagnetic field. The IMP-1 data
have provided the first accurate measurements
of this phenomenon and indeed have mapped
in detail its position relative to the earth-sun
line. This is a most important feature of the
boundary of the magnetosphere since it may
provide mechanisms for acceleration of charged
particles.

Within and adjacent to the transition region,
satellite detectors have shown transient fluxes
of energetic electrons having energies greater
than 45 keV and total fluxes of 10%/cm?/sec,
an order of magnitude greater than background
(refs. 13 and 14). The IMP results suggest
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Figure 10.—Summary of the observed positions of the magnetosphere boundary and shock wave as determined

by the magnetic field experiment on IMP-1.
line segments.
in shape.

that these observations are related to the for-
mation of the magnetosphere and the shock
wave boundary. The experimental evidence is
very recent, and the full theoretical significance
of these data has yet to be completely evaluated.
The particle fluxes which are observed are
substantially less than those observed within
the trapped particle belts within the earth’s
magnetic field. Hence it is not possible to
consider these as hazards to manned space
flight travel or to satellite hardware systems
when one considers the more important con-
tributions due to the Van Allen radiation
belts.

A summary of the observed positions of the
shock wave boundary and the magnetosphere
boundary is shown in figure 10. In this presen-
tation, the boundaries of the magnetosphere

773-446 O—65——4

Successive traversals of the boundaries are connected by straight
Orbits number 1 through number 23 are shown and are seen to be approximately parabolic

and transition region as detected by the mag-
netic field experiment are illustrated. It is
seen that the geocentric distance to the shock
wave at the stagnation point is approximately
13.4 R, but this distance increases away from
the subsolar or stagnation point. Thisindicates
an increase in the thickness of the transition
region. The data also indicate that the mag-
netosphere is not closed, at least to the distance
of 10 to 20 R, behind the earth. The data are
suggestive that the magnetosphere trails out
far behind the earth in the fashion analogous
to cometary tails. On this basis, it is reason-
able to expect the moon to intersect the earth’s
magnetosphere once each month (ref. 15).

A comparison of the theoretical shape and
position of the shock wave boundary and
magnetosphere boundary with observations is
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Ficure 11.—Comparison of the observed positions of the boundary of the magnetosphere and shock wave with
the theoretical positions according to Spreiter and Jones (ref. 16). Very good agreement is obtained by slightly
modifying their treatment to accommodate the values of magnetosphere radius (10.25 R,) and shock wave

radius (13.4 R,) actually observed.

shown in figure 11. Using a gas dynamic ratio
of less than 2 but more than 5/3 permits exact
comparison of the data. The small scatter in
the position of the boundary crossings is related
to the variability of the solar plasma flow.
The comparison with theory (ref. 16) is very
good and indicates a fundamental characteristic
of the interplanetary plasma near the stagnation
point and on the scale on which the observations
are made. The standoff ratio between the
shock wave distance and the magnetosphere
boundary is shown in figure 12 as a function of
Mach number for two models of the shape of
this magnetosphere. One is that of a sphere
utilizing the theoretical results by Hida (ref.
17), and the other utilizes the various models

in generally good agreement as represented by
Beard (ref. 18) and Spreiter and Jones (ref. 16).
The observed value of 1.31 +19%, is seen to be
between the two limits. For the observed
Mach numbers, the standoff ratio is reasonably
insensitive to the exact value of Mach number.
Hence, time variations in the characteristics of
the solar plasma do not affect to first order the
standoff ratio, as do the magnetosphere shape
and specific heat ratio used in the gas dynamic
analogy.

A summary of the description of the magneto-
sphere and its boundary layer as projected on
the plane of the ecliptic is shown in figure 13.
In this figure the interplanetary magnetic
field is shown at an angle of 135 degrees to the




earth-sun line and in a sense which is positive
with respect to flux lines extending from the
sun into interplanetary space. The projected
positions of the IMP satellite are shown for
the first 19 orbits, and the positions of the
magnetosphere boundary and shock wave are
shown as average positions. Within the transi-
tion region is a turbulent plasma flow of very
high temperatures with fluctuating magnetic
fields. Within the magnetosphere a distorted
geomagnetic field is observed, dependent upon
the strength of the earth’s magnetic field and
the strength of the solar wind containing it.
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Present measurements do not indicate a termi-
nation of the magnetosphere on the leeward side
of the solar wind flow. It is very possible that
the earth’s magnetic field trails out 100 R, or
more behind it, intersecting the orbit of the
moon (ref. 15).

19 IMP ORBITS
70 DAYS DATA

/

L

Freure 12.—Theoretical standoff ratios (R./R.) for
the magnetosphere assuming it to be a sphere or an
extended blunt object as a function of Mach number.
The observed value of 1.31 is shown intermediate to
these two cases.
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Fi1gurE 13.—Summary schematic illustration of the magnetosphere shape and boundary layer thickness as deduced

from magnetic field measurements on the IMP-1 satellite.

The flow of solar plasma, the solar wind, is taken

to be aberrated by 5° west of the Sun beeause of the heliocentric orbital motion of the Earth.
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5—Solar Perturbations of the Space Environment

HEeNrY J. SMiTH

NASA Headguarters

The sun’s influence dominates the space en-
vironment of our planet. Fortunately its
major effects on the lives of men are constant,
and the transitory perturbations of solar influ-
ences are scarcely perceptible at ground level.
However, solar activity generates a variety of
major responses in the upper atmosphere, the
magnetosphere, and the interplanetary medium.
Other papers discuss these effects in detail;
this review examines the different types of solar
events which are significant to the study of the
space environment.

At the outset, however, we should note that
solar constancy dominates preponderantly over
solar variability. The perturbations with which
we shall be concerned are significant principally
at the extremes of wavelength, relative to the
wavelength of the monochromatic peak solar
radiation which is attained at about 5000 A,
in the visible spectrum. The proportionally
greatest variations of solar flux occur in the
extreme ultraviolet and soft X-ray regions, and
in the radio frequency portion at the other end
of the electromagnetic spectrum. It is signifi-
cant that the solar flux is distributed roughly
according to the monochromatic transmission
curve of the sun’s atmosphere, so that the
absorbed component of flux is very much
less than the transmitted component. In con-
sequence, the processes of attenuation of solar
radiation show much more variation than
ground observations of the sun would suggest.
This indeed is the reason why the study of sun-
earth relationships is so appealing; it is typically
the pursuit of small unknown causes of very
large observed defects. Hence, there is a real
compulsion to pursue studies of solar-terrestrial
phenomena with balloons, rockets, earth satel-
lites, and deep space probes. QOunly by these

high altitude and extra-atmospheric techniques
is it possible to make local measurements of the
processes involved, or to observe the solar
stimuli unaltered by the telluric attrition.

The solar constant must occupy some of our
attention, even though our interest is princi-
pally in solar variation. Most of what we know
about the constancy of the sun’s integral
radiated flux must be attributed to the classical
work of Langley, Abbot, and their colleagues
at the Smithsonian Institute between 1900 and
1950. Their well known technique combined
measurements with the pyrheliometer, a radia-
tion calorimeter, with the spectrobolometer,
a rather broad band spectrophotometer. The
purpose of the spectrobolometer was to evaluate
monochromatically the atmospheric losses, since
it is necessary to extrapolate the pyrheliometer
measurements to zero air mass monochromati-
cally. From these observations, the Smith-
sonian workers concluded that the most proba-
ble value of the constant is 1.94 cal/cm?/min.
However, grave uncertainties remained due to
the unknown effects of differential extinction,
which is highly variable in time and place, and
which was unknown outside the atmospheric
transmission corridor. The modern discussion
of the solar constant by Francis Johnson in-
cluded Naval Research Laboratory rocket
measurements of the ultraviolet radiant flux.
Johnson’s analysis suggested an improved value
of the constant to be 2.00 +0.004 cal/cm?/min.
It is true that modern technology would permit
improved ground determinations of the solar
constant. However, upper atmosphere or
extra-atmospheric observations obviously would
diminish the problem of extrapolating the
pyrheliometer measurements to zero air mass.
At the time of writing, no experiments in the
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United States’ space program are committéd
to solar constant measurements. This reflects
the formidable difficulty of such refined physical
measurements, for several alternate procedures
are currently under study.

The situation is equally obscure with respect
to variations of the solar constant during the
solar cycle and of short term. Abbot examined
Smithsonian data from the period 1921 to 1952,
and found an annual mean deviation of 0.239%.
The extreme annual deviations from the 31-year
mean occurred in 1922 (—0.99,) and 1948
(+0.4%). These magnitudes of course define
an upper limit of the sum of the intrinsic vari-
ation plus the observational error, as Opik has
pointed out. Aldridge and Hoover correlated
the solar constant with respect to the Wolf
sunspot number R. They found the constant
to be 0.69, higher at solar maximum (1948)
than at solar minimum (1944). Opik has found
fluctuations in the annual means which cannot
be described as random, and indeed are demon-
strably larger than the atmsopheric seasonal
term. Hence, these fluctuations are likely to
be intrinsic in the sun. The solar spectral
radiance curve is, as well known, almost that of
a blackbody. Therefore, since sunspots are
cooler than the photosphere (4200° vs 5700°) one
should expect the variation of the ultraviolet
flux to be greater than the variation of visible
or integrated radiation. Pettit, studying Mt.
Wilson observations 1924 to 1931, found the
ratio 1(3200 &): I(5000 A) ranged from 0.95 to
1.57. Moreover this variation correlated well
with sunspot number (except for just one year).
Thus it would appear that the ultraviolet vari-
ation is notablv higher than the integrated flux
variation. The idea of detecting long term
variability of the sun by comparing the bright-
ness of planets to selected stars is not a new one.
It has most recently been implemented by the
Lowell observers, who utilized modern stellar
photoelectric techniques. Observations through-
out Cycle 19 showed that Uranus and Nep-
tune revealed no annual variation as large
as 0.49, the limit of measurement. Opik has
likewise discussed the short term variations in
the Lowell data, and found deviations between
10-day means of about 0.69.

Very long term changes of large magnitude
have, as is well known, been invoked to explain

paleoclimatic changes. Such discussions are fiot
relevant to this review. The average error of
measurement of the solar constant is about
0.0023 stellar magnitudes for the annual means
quoted above. In terms of stellar photometry
this is extreme accuracy, exceeding by more than
an order of magnitude the nominally quoted
precision of best measurements. Stellar astron-
omers have found that “microvariability” ten
times larger than .0023 magnitudes is common-
place among field stars. So we can say the sun
is proved to be more constant than any known
star.

Of foremost interest to any discussion of the
sun’s influence upon the earth’s space environ-
ment is the expansion of the corona. Most of
our knowledge in this area derives from the
early discussions by Biermann, Chapman, and
Parker. The existence of a solar wind was
anticipated by Stérmer’s auroral theory of
charged particles moving in the dipole magnetic
field of the earth. The Chapman-Ferraro
theory of sudden commencement (SC) geo-
magnetic storms recognized that these are the
result of the impact of interplanetary plasma
clouds on the magnetosphere. Forbush and
Simpson discovered solar modulation of the
galactic cosmic ray flux, which we conjecture is
another result of solar interplanetary plasma
clouds. Tangled magnetic fields inherent in
these clouds possibly act as local diffusers of
the galactic flux of cosmic rays.

Biermann’s contribution was to show that
solar radiation pressure was inadequate by
large magnitude to account for the direction of
comet tails of ionized gas. From these naive
concepts, it is possible to deduce the inter-
planetary wind velocity, as from comet tail
directions (about 500 km/sec), from SC storm
delays after flares (1000 to 2000 km/sec), or
from the delays in low energy magnetic disturb-
ances assumed to issue from faculae (active
regions on the sun) (150 to 400 km/sec). All
of this conjecture was happily confirmed when
Mariner IT indicated a constantly flowing solar
wind whose quiet time velocity ranged from 300
to 600 km/sec, with particle densities of 2 to 20
protons/cm?/sec on quiet days. A discussion
of modern theories of origin of the solar wind
can find no place in this review. We can note,
however, that some net loss of material from the
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sun follows inescapably from the very high
thermal conductivity which prevails in the
hot corona.

Perturbations of the wind have already been
mentioned. The principal examples can be
categorized as follows: (1) SC geomagnetic
storms and/or 27-day recurrent disturbances
are direct evidence of perturbations; (2) the
nonuniformity visible in the low corona (stream-
ers, hot spots over active regions) likewise
indicates anisotropy of the driving mechanism;
and (3) the high electrical conductivity of the
plasma implies that magnetic fields in active
regions will be dragged along into interplane-
tary space. The differential rotation charac-
teristic of an extended gravitating gas mass
dictates that the magnetic field will spiral in the
sun’s equatorial plane. A wind velocity of 500
kilometers per second would redirect the
magnetic vector 45° to a radius at one AU.
Moreover, a dipole field of 1 gauss at photo-
spheric level would provide a residual field of
3y at 1 AU. These data are roughly confirmed
by the Mariner Il observations. Flares are
observed spectroscopically to heat the corona
locally by factors of three to four times. Hence,
the wind velocity and density will be enhanced
for a few hours, as observed. The faster plasma
overtaking the cooler, quiet time solar flux
should produce aerodynamic phenomena which
Parker calls a blast wave. There has been
some conjecture that this indeed is the cause of
the Forbush decreases.

Comet tails themselves serve as space probes
to study the solar wind. Antract, Biermann,
and List have recently conducted a study of all
cometary perihelion passages 1892-1957. Of
376 recorded cases, 44 exhibited tails of ionized
gases which will be influenced by the solar
wind. Such tails have small curvature and lie
nearly along the solar vector, indicating they
are subject to some force 50 times greater than
solar gravitation. We conjecture that this
force is momentum of the solar wind transferred
to the cometary plasma by magnetic coupling.
These investigators found statistically no de-
pendence of the formation of these plasma tails
upon the level of solar activity. (Thus, there
were 20 cases when R>50, 14 for R=25 to 50,
and 10 for R<25, where R is sunspot number.)
Nevertheless, there are several well documented

cases of tails perturbed by flares, by M-regions,
and such. This points out that cometary tails
permit us to study the solar wind well out of the
ecliptic plane, and in regions not accessible to
the current generation of interplanetary probe
vehicles. For example, Comet Mrkos 1957
showed a tail one month after perihelion to
heliographic latitude 40°. Outstanding ex-
amples of cometary activity were observed in
Comet Morehouse in 1908, which for one month
cast off a series of plasma sprays along its tail.
Comet Humason 1961 exhibited a plasma tail
when it was well beyond 3 AU from the sun.

Solar activity encompasses all aspects of the
varying character of the sun. Recent theories
recognize the central role of solar magnetism in
these varying processes. Some mechanism, per-
haps a combination of global circulation cur-
rents and turbulent gas motion, creates intense
localized magnetic fields. We detect the fields
by the Zeeman effect upon atomic spectral lines,
or else infer them from perturbations of the
the mass and temperature distributions in the
sun’s atmosphere. The large scale patterns of
magnetic polarity and the heliographic distribu-
tion of these fields change cyclically in a total
period of 22 years. During the 1l-year cycle
of sunspot incidence, the dominant polarity of
magnetic fields remains constant in the northern
or southern hemisphere, and reverses during
the following cycle. Some evidence suggests
that successive cycles may alternate between
low and high degrees of activity. Superposed
on this weaker trend is a stronger long period
variation, of eight or more cycles, from low to
high activity. These cycles are irregular, with
wide dispersion in periods, phases, and ampli-
tudes.

The basic episodes of solar activity are the
active centers. The chromosphere is a thin
layer dividing the cool, dense lower region
(photosphere) from the hotter, tenuous upper
region (corona) of the sun’s atmosphere. The
visible white light disk is the opaque photo-
sphere, at a temperature of roughly 5000°; at
times of total eclipse the million degree corona
becomes apparent, extending several solar
radii above the photosphere. We can observe
the chromosphere at any time through special
filters which transmit only the narrow wave-
length bands emitted by atoms abundant in
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the chromosphere, like hydrogen, helium, or
ionized calcium. An active center first appears
as weak magnetization in a small area. In a
short while the chromosphere brightens slightly
in that position to form a plage. A few small
sunspots emerge about this time, then grow
and merge. The largest spots may attain a
thousandth of the sun’s surface area. Strong
magnetization appears in and around the spots,
amounting to a few thousand times the earth’s
magnetic field. Above an active center the
corona may become compressed and heated
twofold compared to adjacent quiet regions.
Cool condensations of matter, the prominences,
occur in the corona and persist for weeks.
The total lifetime of a single activity center will
range from a few days to a few months. Several
can occur simultaneously, and there is a tend-
ency for new centers to form in places previously
active. Generally a region evolves smoothly,
rising to maximum magnitude quickly and de-
caying more slowly.

Superposed on the slowly evolving pattern of
the plage and spots are rapid dynamic events of
impulsive energy release. Chromospheric flares
are the most important examples of this class.
A part of the plage will brighten (in hydrogen
light, for example) to a few times normal in-
tensity during the course of a few minutes, then
fade gradually; typical durations range from 5
minutes for the smallest to 3 hours for the largest
flares. Their areas range from 0.003 down to
0.00001 of the total surface of the visible sun.
Despite their small fractional size, flares pro-
duce devastating perturbations on the space
environment as you well know. We believe the
chromospheric brightening to be a symptom of
the passage of some violent disturbance through
the atmosphere, as, for example, a hot plasma
moving through the magnetic field, which can
cause the observed intense bursts of radio noise.
Flashes of ionizing radiation, particularly of
soft X-rays, are emitted at the maximum phase
of a flare. These are the cause of the well-
known sudden ionospheric disturbances. A few
flares eject streams of very hot plasma into the
medium, at velocities ranging from a thousand
kilometers per second up to a fraction of the
velocity of light. These streams drag along
some magnetic field, and distribute it broadly
within the inner solar system. These fields

guide and scatter the faster charged particles,
both those emitted by the sun and the galactic-
cosmic rays. The corona itself suffers defor-
mation by the plasma ejections, and in this way
modulates the low energy plasma streams
causing geomagnetic disturbances. Less ener-
getic impulsive phenomena in the sun’s atmos-
phere provide gentler stimuli which are not
so readily identifiable in the environmental
response. Examples are radio noise storms,
and hydromagnetic shocks in the corona which
cause sudden disappearances of the prominences.

We cannot explain all of the solar perturba-
tions by such obvious quantitative association
of optical solar events. The M-regions are an
outstanding example. Bartels’ familiar time-
correlation analysis reveals geomagnetically
active days (when one of the indices Cp, Kp, or
Ap exceeds specified thresholds) which define
“recurrent storms’ that return again and again
at roughly 27 intervals. Bartels attributed
these recurrent storms to ‘‘M-regions,” other-
wise unobservable solar disturbance regions.
Several such storms are identifiable, for example
in the 3% years at the end of Solar Cycle 18.
There is some recurrence tendency at all phases
of solar cycles back to Cycle 11. However, the
recurrent storms showing durations of 2 to 8
days are outstanding in their persistence, their
magnitude, and their differentiation from con-
tiguous activity. Their duration suggests that
the sources, if uniformally distributed in solar
longitude throughout the period of activity at
the earth, must extend for 25° to 100° of
longitude. Of course, some of this extent can
be accounted for by velocity dispersion of
fanning of plasma streams in transit from the
solar source. Nevertheless, the typical lifetimes
of 6 to 8 rotations are much longer than typical
major solar centers of activity. There have
been many efforts to associate them with dif-
ferent aspects of centers of activity, usually
employing Chree’s superposed epoch method.
Thus sunspots, plages, bright coronal regions,
indices of activity including flare incidence,
and so forth, have all been tested to account for
the recurrent geomagnetic phenomena. Uni-
versally these analyses reveal a geomagnetic
activity minimum 3 days after central meridian
passage (CMP) of one of these solar features.
A maximum of geomagnetic activity occurs 6
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days after CMP and a slight rise right at CMP.
'C. W. Allen points out that these phenomena
permit two interpretations: either there is a
zone of avoidance 3 days after CMP (with
compensatory increase of flux either side); or
else a particle arrives from the center of activity
6 days after CMP (requiring some controversial
interpretation of the 3-day minimum in this
case). Correlations like this are always found
with solar activity features, but never so close
that identification of a cause is secure. How-
ever, there is no doubt that the energetic be-
havior of the center of activity gravely
influences M-regions.

Additional observational facts about M-
regions increase our confusion. The sun-earth
aspect obviously influences their incidence.
According to Allen, there is a geomagnetic
“culmination’’ in March and September. This
could either be the result of the equinox (21st
day of the month) or of the earth’s arriving
at maximum heliographic latitude (8th day of
the month). The latter construction permits
us to interpret this culmination as the intrusion
of the earth into permanent northern hemi-

sphere and southern hemisphere activity regions.

Large M-regions generally disappear at sunspot
minimum, suggesting that the renascence of
solar activity terminates the recurrent forms.
Several authors have pointed to coronal stream-
ers as the M-regions. Morphologically these
streamers look like particle streams, they occur
at the right part of the solar cycle, and they
are a midlatitude phenomenon when most well
developed. However, Saemundsson examined
all streamers photographed at the eclipses
between 1885 and 1962. He found no statisti-
cally significant connection between M-regions
and identifiable streamers. This means that
M-regions are not visible in integrated hght in
the regions observed at total eclipse; one can
therefore set a rather low upper limit on the
possible matter density in these streamers.
Recent theories of solar magnetism suggest that
the UM (magnetic) regions may be identified
with M-regions. Babcock’s analysis of Mt.
Wilson observations supports this idea, but
recent new understanding of the evolution of
magnetic regions in centers of activity may
diminish the attractiveness of this idea. UM
regions are exceedingly difficult to identify,

when the data are sufficiently complete and
continuous. Another idea which has attracted
astronomers is the suggestion that quiescent
prominences are M-regions. However, .Dizer
examined thirty-four years of Meudon promi-
nence data, and found no statistical correlations.
Waldmeier has recognized what he calls C-
regions, which are strong 53034 emission areas
without attendent photospheric or chromo-
spheric disturbances; possibly they are the
situation of coronal brightening which has out-
lived its related photospheric effects. Statisti-
cally Bell has found that M-regions are, how-
ever, associated most closely with regions of
weak 53034 emission. The M-regions continue
to mystify astronomers.

Spacecraft observations provide important
new data on solar extreme ultraviolet radiation
and its perturbations of the space environment.
Early rocket surveys of the sun’s extreme ultra-
violet spectrum were made by various groups
at the Naval Research Laboratory, Air Force
Cambridge Research Laboratory, and the
University of Colorado. These surveys pro-
vided maps and low precision estimates of
fluxes in broad spectral regions. Orbiting
satellites SR-1 (NRL) and OSO I (NASA)
began a massive program of monitoring varia-
tions of the solar extreme ultraviolet on behalf
of scientific research. (This is an important
distinction: operational patrols, which yet re-
mained to be justified, demand much greater
continuity and uniformity than these basic
research missions need.) The OSO I tape
recorders provided unique continuity of data
for several months after its launch in March
1962. These data permit study of quiet sun
conditions, and of the slow variations of the
extreme ultraviolet. J. Lindsay has summa-
rized the principal results from this satellite:

(1) Plages on the quiet sun produce a slowly
varying X-ray component which correlates well,
but not perfectly, with 2800 megacycle flux
variations.

(2) A lower limit can be established for the
1 to 8 angstrom X-rays of 4X107° ergs/cm?/sec;
optical activity can be identified when the flux
exceeds 0.6 X103 ergs/cm?/sec and there is a
sudden ionospheric disturbance when the flux
exceeds 231072 ergs/cm?/sec.
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(3) A twofold increase in the flux of X-rays
can occur within one second. Active promi-
nences and bright limb events are known to
produce distinct X-ray emission events.

(4) Flare X-ray spectra harden the plage
region (pre-flare) spectrum.

(5) Extreme ultraviolet coronal emission
lines (Fe XV 284A and Fe XVI 3354) were
observed to increase fourfold, while He I 304
increased only 1.3 times when the sunspot
number R rose from 75 to 125.

(6) The plage activity is much more effective
in changing these extreme ultraviolet fluxes
than were flares, even large ones.

(7) The average increase in the other extreme
ultraviolet lines amounts to only 50 to 80%.
These data, collected principally over just a
3-month period, reveal the vital importance of
monitoring the solar input to the space environ-
ment from orbiting spacecraft.

To conclude, brief mention must be made
of the observed solar influence upon the upper
atmosphere. The top of our atmosphere merges
gradually with the space environment, and
much of what we call space operation is actually
performed within what is essentially the earth’s
atmosphere. Jacchia has recently summarized
our knowledge of the response of the top of
the atmosphere to solar stimuli. The sun’s

[y

ultraviolet spectrum and the solar wind plasma
are both important sources of thermal energy
for the upper atmosphere. There is very close
correlation between 2800 megacycle flux and
the atmospheric density profile. Thus, 27-day
recurrent processes are very apparent in satellite
drag, as revealed by secular changes in satellite
orbital parameters. There are also well known
atmospheric perturbations of satellite orbits
caused by magnetic storms. Since these storms
endure only one to two days, their effects are
hard to detect, but the phenomenon is well
established. Bourdeau, Chandra, and Neupert
have recently shown that the 27-day variation
is caused by the sun’s extreme ultraviolet flux
variation (as revealed by OSO I data), rather
than the solar wind. It is obvious that solar
influences will be of primary importance in the
emerging operational science of environment
monitoring and forecasting. Many of the
relations between the sun and the earth are
not amenable to an intellectually gratifying
causal relationship in basic physical terms.
Nevertheless empirical relations, incontrovert-
ible circumstantial associations of solar influ-
ences and environmental responses, are well
enough known already that operational aspects
of the sun’s influence on the environment can
be successfully pursued even now.
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6—The Updating and Dissemination of the Knowledge of
Trapped Radiation—Model Environments'

James 1. VETTE

Aerospace Corporation

The purpose of this paper is to describe a
program that is concerned with producing model
environments of the trapped radiation for
engineering and system planning uses that will
be updated at suitable intervals. Past experi-
ence with the high intensity radiation trapped
in the earth’s magnetic field has shown the
vulnerability of satellite systems to this envi-
ronment and has forced the systems engineers
and program planners to take full cognizance of
the energetic particles in space.

Because the knowledge of space measure-
ments and their meaning is no longer the sole
province of the geophysicist and space scientist,
it is necessary to provide these data in a form
suitable for system uses. Although many
satellite measurements of the trapped radiation
have been made and will continue to be made, it
is difficult to obtain the best picture of this com-
plex phenomena unless a large body of these
data is compared and digested. An individual
satellite covers a restricted region of space and,
in general, carries instruments which can make
only some of the measurements necessary to
describe trapped radiation in its entirety.

The individual experimenters recognized
that an effort to integrate all of the measurements
was needed to produce the model environments
and have themselves been largely responsible
for bringing the present program into existence.
The program, as we envisioned it, was to consist
of a six-man effort, with half of the funds
provided by NASA and the remainder provided
by the Air Force. At the present time only the

1 Research supported by the National Aeronautics
and Space Administration under Contract No.
W-11, 683.

NASA funding has been provided, so the pro-
gram described here is a three-man effort.

The program is concerned not only with
producing model environments and with up-
dating these environments at something like
6-month intervals, but also with developing
programs for analyzing and displaying the
environment. Another important aspect in-
volves prediction of what the environment will
be at some time in the future rather than what
it was in the immediate past. The decay of the
Starfish belt and the variation of the natural
environment over the solar cycle are two ex-
amples of where prediction is needed.

The manner in which the program is being
conducted will be described in some detail, and
the first output of this program will be dis-
cussed briefly to illustrate some of the points.

The author is indebted to Dr. James Van
Allen of the State University of Iowa, Dr. Carl
MecIlwain of the University of California at San
Diego, Dr. William Imhof of the Lockheed Mis-
sile and Space Company, Dr. Harry 1. West, Jr.
of the Lawrence Radiation Laboratory, Dr.
Walter L. Brown of the Bell Telephone Labora-
tories, Johm M. Mihalov of the Aerospace
Corporation and Dr. Wilmot N. Hess of the
Goddard Space Flight Center, NASA for sup-
plying the data presented here and for discus-
sions pertaining to the data. The author also
thanks his colleagues at Aerospace, J. R.
Stevens, A. L. Vampola, E. F. Martina, and
K. W. Hubbard, who have contributed to this
effort.

PROCEDURE

The initial step has been to contact each
experimental group to discuss the program and
47
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determine the proper time to receive data. In
order to provide an environment that is not out
of date, it is necessary to obtain the information
as early as possible. On the other hand,
processing preliminary data can be quite danger-
ous and the data are subject to change. The
best compromise seems to be at that time when
experimenters are ready to talk about their
data at meetings or have prepared preprints or
contractor reports. This seems to be the
general consensus of opinion and has, in fact,
been the time at which we have received data
to date.

Discussions have been held with the experi-
menters to understand the data and, in particu-
lar, the instruments with which the data were
obtained. In some cases it is necessary to know
the energy spectrum from other measurements
in order to convert the data to a meaningful
form.

At the present time data are received in a
wide variety of formats. Our procedure has
been to convert this to a common format which
can be stored on punched cards for future
processing. After trying several formats, we
have found the most useful one for our purposes
to be the flux-magnetic field or F-B plots for
those regions of space where B,L is a good
coordinate system. A series of values of the
flux and the field strength for given L values are
punched on cards and stored according to these
L values; enough points are stored so that, by
interpolation, values of other points can be
reproduced. Automatic plotting programs are
in the process of development so that the data
can be compared in all the important coordinate
systems. Much of this comparison has been
done by hand for the first environment pro-
duced. Hopefully, in the future, data can be
provided to us in formats which are easy to
reduce, or even provided on cards in our stan-
dard format. Such a procedure would result in
a considerable saving of time in producing an
environment and allow later data to be incor-
porated.

It is obvious that the representations and
presentations of the data will differ as one
attempts to make model environments farther
out in the magnetosphere where time variations
are quite important and redistributions occur in
response to magnetic storms. However, for the

present paper our remarks will be confined to
those regions below about L=3.0 where flux
maps are a good way to represent a'model
environment over a time span of 6 months.
It is true that the region between L=2.0—3.0
also shows response to magnetic storms, but
the variations are smaller, or larger storms are
required to produce changes.

The three main things that need to be
determined by comparing the data are the flux
distribution, the energy spectrum, and the
absolute value of the flux.

If we represent the differential omnidirec-
tional flux by

J(E,B,L)

then the integral omnidirectional flux is given
by

J(>E,B,L)— fEmJ(E,B,L)dE

It is meaningful in most cases to represent this
function as a product of two functions

J(CE,B,Ly=F(B,L) N(>E,B,L)

F is the distribution function for some integral
energy flux. If that energy is called E;, then

N(CE, B,L)=1

This representation may have some advantage
if many of the primary measurements are of
integral fluxes near or at E; and, in the case of
the electron measurements below L=3.0 which
we have processed, the simplification is even
greater. For that case, the energy spectrum is
independent of B to the accuracy of the
measurements and so

JCE,B,L)y=F(B,L) N(>E,L)

which breaks a function of three variables into
a product of two functions of two variables.

When the data have been assessed to deter-
mine the best composite environment, the
presentation of this environment can take many
forms. It is our intention to put some of this
information on punched cards and provide
the other information by means of tables and
graphs.
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F1GuRE 1.—A B-L flux map of the AE1 model environment.

The AE1 Environment

By taking the electron data made available
to us by July 1964, we have determined a model
environment for electrons above energies of 300
keV for the time epoch January through Sep-
tember 1963. We have designated this environ-
ment AE1, using the A to distinguish it from the
series of flux maps produced by Dr. Wilmot
Hess of the Goddard Space Flight Center.

The distribution function for electrons above
0.5 MeV is shown in figure 1 as a B,L flux map.
We have bounded the map at the low altitudes
by the line Ay;,=0 km and for L>1.3 the 10°
flux contour follows this line. Above this line
in B, L space, the contours show a strong longi-
tudinal dependence and represent both pre-
cipitated particles and particles redistributed
by atmospheric scattering in the anomaly. It
is true that this effect also takes place for
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hmin>0 km, but we have chosen this as the
lower boundary of the trapped radiation for
model environment purposes. The Flux-B
presentation of this model is shown in figure 2.
This is also stored on punched cards in the
following manner. For each L value given by

L=1.1+40.13
i=12____,19.

there is a header card giving an alphanumeric
description of the data. Behind each header
card, there are a series of data cards on which
are punched four coordinates of the form
(B,F). Enough points are taken off curves
such as those shown in figure 2 to insure that
linear interpolation of the log F versus B will
provide accurate values at intermediate B
values.

It is not the purpose of this paper to discuss
the construction of the AEl environment in
detail or the comparison of the various input
data. However, to illustrate the determination
of the absolute value and to demonstrate the
typical variation of the data, the model environ-
ment is compared with the input data at L=1.5
by means of figure 3. The various coded points
do not represent the only B values where data
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Ficure 5.—The differential energy spectra at L=1.6,
1.7, and 1.8 for AEl.

were available, but are used to show the extent
of each experiment without drawing solid lines.
All of the data are corrected by the model spec-
trum to give the omnidirectional flux above 0.5
MeV. The Van Allen data from Detector SpB
on Injun III are multiplied by the arbitrary
factor 4.4X10% while the points representing
the data of West from satellite 1962 B« are ob-
tained by dividing the >0.5 MeV data from
Mecllwain’s Flux Program by the factor 2.
It can be seen that the data spread between
about F(B,L)/2 and 2F(B,L), where F is the
solid line describing the AEl environment.
This is a typical spread in the data for the
various L values.

The differential spectra n(E,L) for the model
environment are shown in figures 4 through 7
and are normalized so that

NC>0.5,L)—= J; " n(E, L)dE=1

This spectrum was derived mainly from the
data of West and that of Imhof and Smith.
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The comparison of AE1 with the E8 grid pro-
duced by Hess for November 1962 is shown in
figures 8 and 9, where integrated orbital fluxes
are given. The errors for AE1 are the + fac-
tor of 2 shown earlier. The spectral distribution
of the integrated fluxes are given in table I
and may be compared with that given by Hess
for the E8 grid.

Dissemination of the Environments

The model environment will be sent to those
requesting it from the author, in the form of
the IBM punched card decks discussed earlier,
in B-L flux maps and orbital integration tables.
It is planned to compute the orbital integrals
for a series of circular orbits up to altitudes of
about 6000 km for the four inclinations 0°, 30°,
60°, and 90°, and present the spectrum tables as
given in table I for these integrations. The
equatorial pitch angle distribution will be calcu-
lated and E—\ maps will be constructed.
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Fioure 7.—The differentisl energy spectra at L=2.2,
2.3-2.7, and 2.8-3.0 for AEL.

A detailed discussion of the environments
as they are produced will be published in the
form of NASA Technical Notes and will be
available for those desiring the detailed com-
parison of data.

Because the comments and questions con-
cerning these environments can become quite
time-consuming, Dr. Wilmot Hess has agreed
to act as the contact point for all NASA
activities and contractors, while the author
will act as the contact point for all DOD
activities and contractors. Although no funds
exist at present for handling this, we are hopeful
this will be corrected in the near future.

Uses of the Model Environments

After environments are produced, they will
be discussed with the experimenters in order to
assure that no misunderstanding of the data
has occurred. By pointing out disagreements
among various data and discussing them, it is
felt that this program can also be of service to
the experimenters. Certainly, satellite experi-
ments are so time consuming and difficult that
there is little opportunity for each individual
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The errors represent + factor of 2.

experimenter to do a detailed comparison of
his data with those of all others On the other
hand it should be made clear that these en-
vironments do not necessarily bear the en-
dorsement of those experimenters contributing
data. The models will represent what we feel
is the best compromise of available data for
the specific purposes of satellite engineering
and system planning.

In that sense they can be used in orbital
integrations, dose calculations, radiation shield-
ing studies, radiation damage problems, orbital
maneuver studies, and similar types of endeavor.
They should not be used in support of various

773446 0—65—5

physical theories because they do not represent
primary data. They represent only a smoothed
version of many measurements, and, in regions
where no data existed, the selection of contours
may be guided by theory or intuitive judgment.
Also, certain simplifications may be introduced
to facilitate use of the models for practical
purposes.

FUTURE ACTIVITIES
At the present time we are working on a
proton environment for the L region below

3.0. This should be completed in about two
months and is more difficult to construct than
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the electron environment discussed above
because the energy spectrum is a strong func-
tion of B as well as L.

Another area of activity that will be pursued
in the near future is the prediction of the future
environment. In particular, the decay of the

Starfish belt can be handled, although the
spectral changes are more difficult to determine.
An outer belt radiation environment will be
constructed at some later time in the program
and, of course, the updating of the environ-
ments will remain a constant activity.
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TasLe I

.Fra,ctio'n of Electrons in Various Energy Bands for Some of the Integrated Fluzes Given in Figures

8 and 9
AN ) .
h 1=30° 1=90°
\ (n mi)
AE

(MeV) 150 450 2000 3000 150 450 2000 3000
0.5-1 0.2778 0. 2593 0. 5413 0.7366 0. 3440 0. 2574 0. 5401 0. 7469
1-2 . 4376 . 4259 . 3546 . 1849 . 4201 . 4224 . 3559 . 1828
2-3 - . 1806 . 1927 . 0895 . 0553 . 1569 . 1947 . 0895 . 0511
34 . 0653 . 0745 . 0126 . 0149 . 0509 . 0760 . 0126 . 0127
4-5 . 0241 . 0288 . 0017 . 0050 . 0178 . 0296 . 0017 . 0040
56 . 0089 . 0113 . 0003 . 0019 . 0064 . 0118 . 0002 . 0015
67 . 0035 . 0045 . 0000 . 0008 . 0024 . 0048 . 0000 . 0006
7- . 0022 . 0030 . 0000 . 0006 . 0015 . 0033 . 0000 . 0004
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In many respects, this discussion will belabor
the obvious—that radiation hazards in manned
space flight operations should be evaluated from
a viewpoint not inflexibly prejudiced by present-
day occupational radiation safety standards.
Manned space flight is a new occupation, to-
tally different from those for which. existing
standards were established, and a fresh ap-
proach is required.

This position does not ignore the decades of
accrued experience that have been used by
many experts in the definition of good practices
of radiation safety for the occupationally ex-
posed individuals as well as for the general
population. Rather, the position notes that
the occupational standards reflect the con-
siderations that radiation is the single outstand-
ing risk, that large numbers (in excess of 200000
in the U.S.) will be in occupations involving
radiation exposure, that an expanding nuclear
energy industry and therefore threat of in-
creased exposure is inevitable, and that the
radiation sources or source materials are
controllable.

In order to meet the objectives of large-scale
radiation protection, ‘. .. to prevent or
minimize somatic injuries and to minimize the
deterioration of the genetic constitution of the
population” (ref. 1), the concept of ‘permissible
dose”’” became established. This dose is de-

1 Work supported by U.S. Atomic Energy Com-
mission.

fined by the ICRP (ref. 1) as “. . . that which
involves a risk that is not unacceptable to the
individual and to the population at large,” and
which carries “. . . a negligible probability of
severe somatic or genetic injury . . .” to the
exposed individual. Although the objectives
of space radiation protection are certainly the
same as those noted above, the framework of
historical reference in which the standards
evolved must be sidestepped to avoid the appli-
cation of permissible doses that may be un-
necessarily restrictive.

Are there valid reasons to justify an inde-
pendent review of the hazards and the setting
of new standards if deemed appropriate? We
believe there are at least these good reasons:

1. The radiation hazard is only one of many
recognized and accepted serious potential haz-
ards that could jeopardize the success of any
flight mission.

2. The population-at-risk is extremely small
and volunteer (the latter factor does not imply
that a justification for relaxing controls exists,
but that part of the burden of control is auto-
matically apportioned to any volunteer).

3. The exact time, rate, duration, radiation
quality, and frequency of exposure are largely un-
predictable and uncontrollable, requiring inclu-
sion of on-board protective means in the form of
shielding. Since this can create an undesirable
weight penalty, the radiation risks must be
balanced against those invoked by the equip-
ment capability traded for shielding weight.

59
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4. Each flight may have a different profile
and, therefore, a different risk versus benefit
analysis sequence will be required.

These reasons and the experimental nature
of present manned flight operations are ob-
viously in conflict with the philosophy behind
the occupational limits. Even the limit of
25 r for whole body exposure in unplanned
emergencies is restrictive in magnitude and in
the sense of the “once in a lifetime’ permis-
siveness (ref. 2).

In spite of the clear differences in require-
ments for radiation safety between the average
atomic energy employee and the astronaut, the
ICRP-NCRP recommendations (refs. 1 and 2)
have been utilized to form the basis of exposure
limits for space flight operations (ref. 3). This
was accomplished by assuming the astronaut
could receive the equivalent of the occupational
lifetime accumulated permissible dose within
the briefer period of a 5-year flight career.
This time scale compression along with other
manipulations produced a set of exposure
limits that by chance were partly sensible but
were also quite arbitrary and devoid of
flexibility.

The irony of it all is the simple fact that the
Federal Radiation Council (FRC) position
had been developed and quite clearly pointed
out the flexible nature of the new look in pro-
tection standards (ref. 4). In fact, the FRC
introduced the flexible concept of the Radiation
Protection Guide (RPG) which is defined as
“, .. the radiation dose which should not
be exceeded without careful consideration of
the reasons for doing so . . . .” In addition,
the FRC Report No. 1 states: in paragraph
7.7, ““. . . there can be no single permissible
or acceptable level of exposure, without regard
to the reasons for permitting the exposure’;
and further states, in paragraph 7.10, “There
can, of course, be quite different numerical
values for the Radiation Protection Guide,
depending upon the circumstances” (ref. 4).
Thus, the agencies are not rigidly bound to the
recommended RPG. Although the same was
true for the NCRP recommendations, flexibility
of application was not an obvious trait of the
NBS handbook presentations. In light of the
FRC position, the agencies concerned with
manned flight operations are clearly free to

- 0h * » 3 . 3
derive their own radiation exposure limits,

which may exceed the RPG, but which meet’
their own particular requirements.

EVALUATION OF HAZARDS

We recommend that the radiation hazards be
evaluated from these viewpoints, in order of
importance:

a. Immediate or early (1 week to 1 month)
incapacitation at any time during flight.

b. Progressive incapacitation or serious
decrementation of performance over
long flight periods.

c. Delayed or chronic injury as it may
require intervention in a planned flight
series and as a career limitation factor.

Early Incapacitation

This is the emergency or abort dose deter-
mination. Depending upon the penetrating
quality, total dose, and intensity of the expo-
sure, the limiting systemic and/or tissue re-
sponses are:

1. Acute gastrointestinal or prodromal
symptomatology, i.e., nausea, vomiting,
diarrhea. These may appear within an hour

or two and subside within a day at any dose
above about 75-100 r at the midline.

2. Acute hematopoietic symptomatology, i.e.,
thrombocytopenia, leukopenia, herhorrhage, in-
tercurrent infection. These symptoms will
appear within a few days to a week and can
reach a clinically aggravating level at doses of
100-150 r or more to the marrow within several
weeks to a month.

3. Widespread erythema and skin blistering.
Under certain circumstances, such as extra-
vehicular operations, high intensity surface
exposure with little deep tissue dosage may
occur. Depending upon the quality of the
radiation, erythema will appear within a few
hours to days following exposures of 500 r to
800 r (ref. 5). Severe damage will occur at
doses above 1600-2000 r (ref. 6). Due to the
restrictions and abrasive contacts of the space
suit, even a partial body moderate erythema
could become extremely uncomfortable and
somewhat incapacitating.

4. Degradation of general operational skills
through direct and indirect physiologic and
neurologic injury, i.e., lassitude, fatigability.




METHODS IN THE EVALUATION OF RADIATION HAZARDS IN MANNED SPACE FLIGHT 61

The induction of acute systemic radiation
‘injury is accompanied by nebulous symptoms
of reduced performance capacity.

Wherever possible, the above responses should
be examined in a probabilistic manner, and
not all individuals may show the symptoms
mentioned above at the stated dose levels.
Dose-response relationships should be derived,
and upper limit emergency doses defined for
the several end points. The lowest limit will be
the first determinant, but this will be a function
of depth dose variation, total dose, and dose
rate. For example, a high dose rate, whole
body exposure to a penetrating radiation will
undoubtedly cause the dose for prodromal
responses to be determinant. A more pro-
tracted exposure will bring hematopoietic injury
into the determining position, and, when mod-
erate to high doses of very low energy radiations
prevail under certain unshielded exposure con-
ditions, skin injury will be determinant.

Progressive Incapacitation

This response category recognizes that most
exposures will be at low levels where no early
manifestations will occur, but where continued
or periodic exposures can lead to a progressive
emergence of principally hematopoietic injury
expressed as a decrementation of performance
necessary to maintain normal flight operations.
This category also encompasses one of the most
difficult areas for the prediction of biological
effect—the situation following fractionated and
protracted exposure.

Radiation injury has a comparatively slow
time-course of expression and its manifestations
will progressively emerge, then subside. Ex-
pression and recovery are concurrent. When
the exposure is essentially continuous but at
a low daily rate—perhaps 2 r/day or less for
man—injury and recovery will probably equili-
brate and a steady state will be maintained for
long periods. Such observations have been
made in experimental animal populations (ref.
7) and certainly would occur in man, but there
are not yet sufficient data available to establish
the kinetics of injury and recovery with any
degree of confidence.

One theoretical approach to this problem has
led to the evolution of the ‘“‘equivalent residual

dose” (ERD) concept (ref. 8). This assumes a
simple linear additive model for injury accumu-
lation and concurrent recovery. The concept
will not be discussed at length here, but it
should be noted that the assumptions and con-
stants employed in the ERD calculation have
never been validated in man and are largely in
conflict with much present day radiobiological
data. The ERD concept is not based upon a
correlation of physiological or cellular injury
with lethality, and therefore it cannot deter-
mine in any realistic way a dose accumulation
that can be related to an acute end point.
Nevertheless, the ERD calculation may have
some limited usefulness for single doses below
25 r and daily doses below 2 r/day where the
level of injury may not, of itself, penalize re-
covery mechanisms.

At higher daily doses and fractionated ex-
posures, a simple unweighted dose accumulation
may be most realistic, since hematopoietic end
points will probably be decisive. There are
limited data on fractionated exposures in man
to support this suggestion. Paired doses of 100 r
to 400 r per fraction and at intervals of 3 to 7
days or two months indicated little or no re-
covery of the hematopoietic system during the
first week and a super-normal sensitivity to
second fractions even after the two-month
interval (ref. 9). These observations are con-
sistent with the Los Alamos accident case that
demonstrated a prolonged hematopoietic de-
pression of more than one year (ref. 10).

Prediction of man’s response is difficult
enough when a regular pattern of protracted or
fractionated exposure obtains, but when the
erratic pattern of exposure that would most
likely occur under most projected flight profiles
is acknowledged, the situation becomes virtually
impossible. The prodromal symptoms and
skin lesions will certainly benefit from dose
protraction—the unanswered question is: To
what extent will the hematopoietic system
benefit and what are the significant time factors?
We feel this is still largely unknown and em-
phasize the suggestion that all exposures of 50 r
or more per fraction and protractions of 3 r/day
or more be measured in terms of a straight ex-
posure dose accumulation when evaluation of
acute to subacute hematopoietic injury is
under consideration. Small dose fractions of
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less than 25 r may be managed by allowing for
recovery during exposure-free intervals of at
least several months duration. No particular
recovery constant is recommended except that it
should be no greater than the 2.5%/day em-
ployed in the ERD calculation, although it
most certainly should be lower if it is to inte-
grate all recovery processes acting over the first
several months to a year (ref. 11).

Chronic Injury

As a general point of philosophy, chronic or
long-term effects of radiation exposure appear
to be of secondary importance in the evalua-
tion of the hazards of manned flight. This
should be the case for the foreseeable future,
and this point is in sharp contrast to the evalua-
tion of occupational hazards. In the latter,
late effects are paramount and, among these,
genetic effects are very influential.

Although the reasons for this relegation of
late effects to a secondary role are several,
the most quantitative argument is in the matter
of population size. The astronaut population
may be about 30 to 50; the occupational group
may be 200 000 to millions. Chronic radiation
injury is measured in probabilistic and actuarial
statistical terms—an increase in an age-cause
specific death rate, a reduction of the after-
expectation of life, an increase in the sporadic
incidence of a detrimental mutation. The end
point is not identified with an individual; it is
an entity of the population.

Among the different manifestations of chronic
radiation injury, genetic damage always receives
a little extra attention. This is justifiable for
the case of the population-at-large under risk of
exposure from fallout radiation or unnecessary
medical or dental radiation sources. The gene
pool of large populations is sufficient to cause
the predictions for even very low probability
mutational events to reach values of real con-
cern. However, genetic hazards associated
with manned space flight must be considered
extremely small. The reasoning is entirely
statistical—the small population of astronauts
would have a virtually undetectable influence
upon the mutational load of the general popu-
lation. For example, if 50 astronauts receive
200 r apiece in a 10-year flight period, a total

.

of 10* man-roentgens will be accumulated. In
the same time period, the actively reproducing’
portion of the U.S. populatioh, about 10°
persons, is permitted to receive 170 mr/year or
1.7 r in ten years to give a total of 1.7 X108
man-roentgens. The sum, 170 010 000 man-
roentgens, divided by 10°% is the per capita
average exposure level. It is increased by 6
parts in 100 000 as a result of the astronaut
exposures. Increases in genetic injury would
be proportional.

The logic of the argument is simply that
most modern populations are large interbreed-
ing groups, and any contribution to the gene
pool has a purely random chance of either
elimination or transmission to the next gener-
ation. Since most new mutations are recessive
and only mildly selected against in the hetero-
zygote, they will persist in the population for
many generations and thus randomly dissemi-
nate from the point of origin.

The above arguments should not be mis-
construed as stating that the genetic damage
should be of no concern to the individual
exposed. Certain probability statements can
be made concerning the individual, but the
acceptance or rejection of these probabilities
is somewhat a personal matter.

Nongenetic end points, as the induction of
malignant diseases, cataracts, and nonspecific
life shortening, must also be considered of
secondary importance for this small population.
Some reasonably acceptable probability state-
ments can be generated for these responses, and
certainly an awareness of these somatic mani-
festations of chronie injury must be maintained.
It goes without saying that accurate records of
the radiation history should be kept on all
flight personnel. Since present prediction state-
ments on these effects, in addition to the
genetic effects, are always based on the observed
total exposure dose, one requires only good
record keeping.

It would seem important to be able to freely
select from among the experienced personnel
those crews that best meet specified mission re-
quirements. This may entail periodic or re-
peated use of some astronauts and the possi-
bility of dose build-up to an undesirable level as
far as the individual’s after-expectations are
concerned. Long duration missions may then
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be jeopardized if critical crew members should
‘begin to develop manifestations of chronic
injury when turn-around time may be many
months. For this reason, the evaluation of late
effects of radiation damage will progressively
increase in its importance in the benefit-risk
analysis. We feel, however, that these end
points should be given very little weight in the
present era of experimental manned space
flights.

The next logical concern is the question of a
“career dose.” If we accept this as a necessity,
then some value or set of organ-specific values
must be established as acceptable ‘‘integrated
annual dose increments.” Are we sufficiently
knowledgeable to do this now without being
either too restrictive or not restrictive enough?

Although one of the authors had previously

discussed the matter (ref. 10), we now believe
it is premature to dwell on the problem of career
dosage, if for no other reason than to avoid
setting an unrealistic figure for the annual
increment. The latter is almost automatically
derived when a career dose is established. In
this regard, certain existing values for annual
incremental dosage derived by manipulation of
NCRP recommendations (ref. 3) provide, in
our opinion, unrealistically low values that have
no meaning or relationship to the biological
effects they are designed to protect against.

One additional uncertainty needs to be noted.
This concerns the problem area of combined
stress. There is, at present, no information
regarding the interaction of weightlessness,
radiation, and other factors such as the subtle
effects that may accrue from prolonged periods
of demand for high operating performance.
What influence, if any, concurrent physiological
and psychological stresses may have upon the
expression of radiation damage cannot be
ascertained. Since any interaction is liable to
influence the response in a negative way, an
element of conservatism should be kept in all
determinations.

In the meantime, flights will be programed
for longer periods, and some limits will be sought
for the 6-month, 1-year, and 2-year flights.
How should accumulating dose be weighted for
prediction of early incapacitation, progressive
incapacitation, and chronic injury? Some sug-
gestions have been made in this discussion. In
recapitulation, for early incapacitation, one will
almost invariably be dealing with a single
brief exposure, and the estimated exposure dose
at critical tissue levels will be determinant.
For progressive incapacitation, unweighted ac-
cumulated dose under certain exposure patterns
may be used for hematopoietic end points, with
the cutoff being the abort dose. For chronic
injury, again a straight forward dose accumula-
tion may be used.
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8—Lethal, Mutagenic, and Cytogenetic Effects of Fast
Charged Particles on Various Biological Materials’

G. E. STAPLETON

Oak Ridge National Laboratory

Members of the Biology Division have par-
ticipated in two general types of investigations
related to the biological effects of space radia-
tions: (1) attempts to detect the possible syner-
gistic action of radiations and other flight
parameters such as vibration, and weightless-
ness by use of sensitive systems in orbiting or
probe vehicles; and (2) groundbased investiga-
tions of cellular response to high-energy protons
and heavy particles, ranging in energy from 20
to hundreds of MeV. This paper will report
results obtained from the second category of
experiments. The concept that prompted these
studies was that the changes in relative biologi-
cal effectiveness (RBE) with increasing linear
energy transfer (LET) of the particles might
vary with different biological materials as well
as the effects studied. Therefore, several ma-
terials were chosen as test objects, varying from
microorganisms to human cells, and lethal
mutagenic, and cytogenetic responses were
surveyed.

It was understood that similar work preceded
and continued during our survey, in other
laboratories, notably at the Lawrence Radia-
tion Laboratory in Berkeley, California, and
at Yale University. It was hoped that the
results of the many experiments with widely
varied test materials and end-points would
fortify each other in helping us to understand
this seemingly complicated interrelationship.

My own work was concerned with inactiva-
tion or lethality and induction of mutations in

! Research sponsored by the National Aeronautics
and Space Administration (NASA Order No. R-104,
Task No. 3) under Union Carbide Corporation’s con-
tract with the U.S. Atomic Energy Commission.

the often used bacterium, Escherichia coli (refs.
1 and 2). The small size of these cells permits
the irradiation of 10° or more cells in a very
thin layer with any of the radiations of interest.
Also, these cells respond to the presence or
absence of oxygen in the atmosphere by a
several fold change in their radiosensitivity.
This change was studied as a function of the
LET of the various radiations. The ability
of the chemical protector S-mercaptoethylamine
to reduce the radiosensitivity was also investi-
gated in a limited number of irradiations.
Mutation frequencies were estimated by use
of a different strain of the same species.

The results of Drs. F. J. de Serres and B. B.
Webber are based on lethality and forward
mutations at specific loci in the fungus Neuro-
spora crassa (ref. 3). The irradiated samples
were asexual spores that contained two geneti-
cally different nuclei. This material allows the
estimations of the types of genetic effects dis-
played by diploid cells. The techniques used
permit the easy identification of all mutations
at a specific locus by a color change from white
to purple; therefore, tremendous numbers of
irradiated and unirradiated cells can be screened
for the mutations induced. Subseqlent genetic
analysis with well marked test strains allows the
investigator to classify the genetic alterations
ranging from single nucleotide changes to loss
of entire chromosomes.

Dr. E. F. Oakberg’s experiments are con-
cerned with lethal effects on spermatogonia and
oocytes in irradiated mice (ref. 4). The
dynamics of gametogenesis in mice is now well
enough understood to make a study of degen-
eration of certain cell types in the mouse
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ovaries and testes a reliable and sensitive
measure of radiation damage incurred by
whole body irradiation of these animals. The
technique permits the amount of degeneration
produced to be measured in the absence of any
apparent repair by cell replacement. Since
whole animals are irradiated, these experiments
could not be performed with the short range
protons and heavy ions.

Dr. M. A. Bender’s experiments on produc-
tion of chromosome aberrations in human
cells (ref. 5) are carried out with samples of the
blood of the investigator and, as one would
guess, are “in vitro’’ experiments. These sam-
ples of whole heparinized blood are irradiated,
the leukocytes are separated, by centrifugation,
from the rest of the blood elements and cultured
for 3 days in a tissue culture medium. The
cells are stopped from further division, by
addition of colchicine, in their first post-irradia-
tion cell division, fixed, stained, and the num-
ber of aberrations is scored microscopically.
Two easily identifiable types of chromosomal
aberrations are scored.

The various radiations used are described in
table I. The LET’s quoted are taken from

the literature and track average values. As
Randolph (ref. 6) has suggested, the composite
average LET for all particles, primaries and
secondaries, should be considered in critical
LET calculations. This has not been done for
the data reported here.

The types of dosimetry for the various radia-
tions differed. The X-ray doses were measured
in air with Victoreen ‘r” meter, with the
thimble chambers placed in the position occu-
pied by the biological sample. These dosime-
ters were calibrated against a standard instru-
ment at the National Bureau of Standards.
The Co® gamma ray doses were measured by
the system described by Conger et al. (ref. 7).
The proton doses were determined either by
measurement of the proton flux incident on the
biological sample by activation of thin copper
foils (ref. 8), or by activation of solid organic
scintillators (ref. 9), or by ion-chambers inter-
posed in the beam just upstream of the biological
sample (ref. 6). The dosimetry used for the
heavy particle irradiations was that adequately
described by Brustad et al. (ref. 10).

When possible, we irradiated the different
materials in sequence on the same day, after

TasLe I

Radiation Facilities Used

Facility

University of California—

University of Chicago—

Harvard University—

184-in. Synchroeyclotron._ - - - . ____________
HILAC Accelerator. .. _ o ________

170-in. Synchroeyeclotron._ . ____________._

160-in. Synchroeyelotron_ ________________________
ORNL—86-in. Cyeclotron-_ . __________
ORNL—Maxitron 250 X-ray Machine.______________
Co%® Gamma Souree. - - - - e
ORNL—Health Physics Reactor- ... .__._____.__
ORNL—Cockeroft-Walton Accelerator.______________

LET,
Radiation MeV cm?/gm,
track average
750-MeV protons___.__________ 2.5
{ Carbon ions_ _ - oo oo __ b ~.2000
Helium ions_ .. ________._______ 180
450-MeV protons_____.__._.__.__ 2.5
50-MeV-100-MeV protons______ s 12-7
22-MeV protons_. ... __._-. 2.5
250-kVp X-rays..oc.cooooeoooo ° ~25
1.2-1.4-MeV photons_._----—--_ ¢ 2.6
Fission neutrons________._-..._ ° ~300
14.1-MeV neutrons_ _ - oo ca--_. ¢ ~300
2.5-MeV neutrons. .- -« - - ~—--- o~ 300

* A. C. Birge et al. See reference 8.
b T. Brustad. See reference 10.
« Conger et al. See reference 7.




LETHAL, MUTAGENIC, AND CYTOGENETIC EFFECTS OF FAST CHARGED PARTICLES 67

the beam had been characterized and the
dosimetry performed. This was done in an
effort to eliminate possible physical errors.

Figure 1 shows the type of inactivation data
obtained for Escherichia coli B/r. It is clear
that survival of this strain is not an exponential
function of dose of X-rays or protoms. This
organism was chosen because of this character-
istic, to determine if the shape of the curve
would change, as a function of LET as is found
for mammalian and other cells. It is clear
that aerobic cells are equally sensitive to X-rays
and protons of the indicated energies. The
protection afforded by anaerobiosis is also
similar for X-rays, 130, and 450 MeV protons.
The uppermost curve indicates that S-mercapto-
ethylamine protects equally well against damage
by X-rays and 130 MeV protons.

Table IT shows the summary of data available
for inactivation and mutation of E. coli. The
inactivation coefficient for aerobic cells changes
significantly only for the high LET carbon ions.
Anaerobic cells show a significantly higher RBE
for 22 MeV protons and the heavy carbon ions
than for other radiations. Brustad (ref. 10)
and others have shown similar data for Shigella,
a closely related bacterium. The data for
change in the ratio of sensitivities in aerobic
and anaerobic conditions with radiations of
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Ficure 1—Surviving fraction of Escherichia coli B/r
as a function of dose (kilorads) for protons of various
energies. Survival curves are for cells irradiated
aerobically, anaerobically, and in the presence of
cysteamine (0.12 M).

various LET’s are similar also to those of
Brustad. The data for mutation frequencies
are far less complete than those for lethality but

TasLE II
Bacterial Inactivation and Mutation
Mutation coefficient revert-
Inactivation coeflicient* Ratio, ants per survivor per kilorad
Radiation Aer./Anaer.
Aerobic Anaerobic Proline Galactose

750-MeV protons..________.______ 0.14 0.043 3.0 10X 1010 20X 1010
430-MeV protons® ______________ .15 . 050 3.0 10 30
130-MeV protons_ _____._________ .13 . 041 3.1 10 20
250-kVp X-rays_._ . ___._.______ . 125 . 040 3.1 12 20
22-MeV protons_ ________________ .13 . 062 2. | il aoiealo-
100-MeV carbon ions_ ____________ .11 .078 1.4 | ol | cmemaao-

* The inactivation coefficient is the reciprocal of the ¢! dose (LD-37) determined from the exponential slope of

the survival curves.

b The data obtained with the 430-MeV proton beam are somewhat less reliable than the others because the
uniform beam area was smaller and the dosimeter system was not cross-calibrated with the other radiations.
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TasLe ITI
RBE’s for Cellular Inactivation and Mutation in Neurospora
Cellular inactivation Mutation
Radiations Inactivation RBE for ad-3% | RBE for ad-37%
coefficients RBE mutation mutation
(one-hit) (two-hit)
750-MeV protons___________ 0.1145 1.77 1.36 1.47
447-MeV protons___________ . 0675 1.02 .87 1.00
442-MeV protons___________ . 0839 1.30 1.24 1.30
250 kVp X-ray-- . ________. b 0648 1.00 1.00 1. 00
39-MeV helium ions___._.__ .105 1.62 2.37 1.81
101-MeV carbon ions_ _____. . 396 6.1 9.10 4.38

» The inactivation coefficients are the reciprocals of the median lethal dose (¢!} in kilorads.
b Average of inactivation constants from four experiments is used for 250-kVp X-ray in-

activation constant.

within experimental error do not indicate any
difference in mutagenetic efficiency of protons
of 100 to 750 MeV as compared with X-rays.

Table IIT is a compilation of the available
data on inactivation and mutation of Neuro-
spora crassa. The inactivation coefficients are
the reciprocals of the median lethal dose (¢7?) in
kilorads. The RBE’s for the various radiations
increase as a function of increased LLET, as
indicated by the coefficients for 39 MeV helium
ions and 101 MeV carbon ions. The RBE’s
estimated for two different types of mutations
are shown. They can be seen to increase like-
wise over the same range of LET, as does
inactivation. The highest values of RBE,
measured with carbon ion irradiation, ranged
from 6 to 9. The data obtained with 750 MeV
protons indicate an RBE significantly higher
than 1 for the effects studied. It is not clear
why the low LET, 750 MeV protons, yielded
RBE’s significantly greater than 1. The data
obtained with the high LET radiations, how-
ever, indicate a very high RBE for heavy
charged particles as high as 6 to 9 for the several
effects studied. Such heavy particles can be
produced at low frequency with these high-
energy protons. Whether secondary particles
with very high LET can account for this result
cannot be judged on the basis of these
experiments.

As far as they can be compared, the data
shown here are in accord with the recent data

on lethal and mutagenic effects of radiations on
a diploid strain of yeast, reported by Mortimer
(ref. 11).

Dr. Oakberg’s investigations of relative
biological effectiveness of different radiations
on gametogenesis in the mouse are less com-
plete than the others as indicated in table IV.
The RBE’s for lethality are shown only for
130 and 750 MeV protons and for 14.1 MeV
neutrons. Although the confidence intervals
for RBE are quite large, the values for RBE
of protons are not above 1 as compared with
250-kVp X.rays. It is clear that the values
for 14.1 MeV neutrons are significantly greater
than 1. Preliminary data from experiments
with fission neutrons indicate an RBE of
about 5. The peak or saturation RBE as a
function of LET was not determined in these
experiments, but the available data compare
favorably with the data on cultured human
cells of Barendsen (ref. 12) and Todd (ref. 13)
which show the initial increase in RBE in the
LET region of 100-200 MeV cm?/gm (10-20
keV/u of tissue). Dr. Bender’s data on RBE
for production of chromosome aberrations on
human leukocytes can logically be considered
together with Oakberg’s. Bender’s data, sum-
marized in table V, for proton and neutron
irradiations, include a large range of LET.
The aberration frequencies include deletions
as well as rings and dicentrics. The frequencies
of the former type increase linearly with dose
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TasLE IV
RBE of Proton to X-Rays and 14.1-MeV Neutrons to Co® v-Rays for Spermatogonial and Oocyte Killing

RBE
Radiation Cell type Lower 959 Point Upper 95%
conliiﬁﬁnce estimate conlﬁg?gme
Spermatogonia:
14.1-MeV neutrons »______ A . 1.41 1.76 2.76
Late A_________ 2.19 2.52 2.89
Late A4In_____ 2.11 2.38 2.69
Spermatogonia:
130-MeV protons_________ A . 0.28 0.47 0.70
Late A________. .41 .64 .95
Late A+In.____ .27 .68 1.40
Oocytes._..____ .00 .28 .73
Spermatogonia:
750-MeV protons____.___. A .. 0. 64 0.84 1.10
Late A_________ .52 .77 1.11
Late A+In._____ .69 .96 1.34
Oocytes_._________. .20 . 66 1.53

» From Oakberg and Clark, 1961.

TaBLE V
Coefficients of Chromosomal Aberration Production for Proton Irradiation of Human Leukocytes
Coefficient of aberration
production
Radiation RBE °

Deletions * Rings and

dicentrics ®
750-MeV protons___ . ..___..______ 0.6X103 6.0X10™ 0.7
450-MeV protons_________________ .9 5.5 1.0
130-MeV protons__________.______ .9 6.0 1.0
100-Mev protons_ . ___ _.....______ 7 5.3 .8
50-MeV protons___ . ________.__.____ .4 5.8 .4
250-kVp X-rays. ... ____________ .94.03 6.04£.5 41.0
14-MeV neutrons._. . ______________ 2.3+.2 *) 2.6
2.5-MeV neutrons________________ 2.84+.2 Q) 3.1
1-MeV neutron.__________________ 5.0 ) 5.6

* From Y=a4-bD; the coefficient is b, expressed in aberrations/cell/rad.

b From Y =cID?; the coeflicient is c, expressed in aberrations/cell/radz.

° Calculated from deletion coefficient only.

4 By definition.

¢ For purposes of comparisgn, these coefficients would be meaningless because
the kinetics of two-hit aberration production change in this LET range, becoming
approximately linear for 2.5 MeV neutrons.

713446 0—65——6
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for low and high LET radiations and are
presumed to result from one-hit events, while
the frequencies of the latter type increase
approximately with the square of the dose with
low LET radiations and linearly with dose with
high LET radiations.

The protons yield values for RBE not
significantly above 1 as was found for all of
the test systems used. This is the case for
either type of aberration scored. With in-
creasing LET above 60 MeV cm?/gm, the
coefficient of deletion production increases,
the RBE increasing to 5 or greater with the
1 MeV neutrons. It is of some interest that
the change in kinetics of production of two-hit
aberrations (rings and dicentrics) occurs in the
same region of LET (~ 100 MeV cm?/gm)
where overall efficiency in aberration production
of two-hit aberrations per particle is reached.
A more meaningful analysis could be made,
however, if the complete LET response were
known. Such data can be obtained only with
very high LET particles such as those to be
described by Dr. Todd in a later paper in this
session.

It is clear from the data presented here for
four cellular systems that each system responds
to increasing LET with a change in RBE, and
within the errors of the estimation of RBE and
LET, it seems that the increase occurs within
the same LET range, about 100-200 MeV cm?/
gm. This is in good agreement with the data
of Barendsen (ref.12) and Todd (ref. 13) and
others for lethality in mammalian cells. No
attempt has been made in these studies to assess
the effect of dose rate on the RBE versus LET
relationship as has been investigated by the
aforementioned authors.

The preliminary data obtained for inactiva-
tion and mutation of Neurospora conidia might
suggest that high LET secondary radiation
could be detectable with this system. We will
need to know more about the maximum RBE
as a function of LET to make any further state-
ments about this phenomenon.

It is clear from the results discussed that
large gaps exist in our present assessment of the
role of LET in relative biological effectiveness
of protons as well as other types of radiation.
Although the different systems show different
RBE’s with the same radiation, there are
reasonable consistencies among the responses
of the various systems. Our data indicate that
the maximum or peak RBE has not been ob-
tained in any of the experiments so far per-
formed. This is in apparent contrast to the
data reported by Conger et al. (ref. 7) for pro-
duction of chromosomal aberrations in Trade-
scantia, which show maximum RBE in the
range of LET produced by 1.3 MeV neutrons.

The data are not inconsistent however, with
those presented by Barendsen (ref. 12), nor
with those of Tobias and Todd (ref. 13),
Brustad (ref. 10), and Mortimer (ref. 11),
which show maximum effectiveness per particle
in the range of 2000 MeV cm?/gm for a number
of effects on various types of living cells. We
hope that more complete investigations with
some of these systems will allow us to make
more positive statements about this compli-
cated interrelationship and ultimately about
the hazards expected from space flights which
will involve the encounter with radiations of
the types studied here.
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9—Biological Effects of Protons and Neutrons in Large

Animals
S. Tom TAKETA

Ames Research Center, NASA

This report is concerned primarily with the biological effects of protons in large animals.
Pertinent neutron data are also discussed. A review of the literature reveals only a limited
number of large animal proton studies. This is not surprising because of the difficulties
involved in exposing large animals to who body proton irradiation in ground-based facilities.

Studies were undertaken, in collaboration with Dis. Tobias and Sondhaus of the Uni-
versity of California, Berkeley, to determine biological effects of high energy protons com-
pared to Co% gamma rays in whole body irradiated monkeys. The 730 MeV protons of the
Berkeley 184-inch cyclotron were degraded to the desired 200 MeV energy level by multiple
Coulomb scattering. In addition to causing angular divergence of the emergent beam, which
provided the desired éffective exposure field for whole body irradiation of large animals,
the use of scatters allowed us to study the combined effects of the attenuated primary proton
flux and the induced secondary radiations, hence simulating a more realistic situation which
an occupant of a spacecraft may encounter. The exposure set-up employed was unique in
that it provided omnidirectional exposure. This was accomplished by rotating the animal,
strapped in a styrofoam holder, simultaneously around its longitudinal and vertical axes.
Proton exposures ranged from 200 to 950 rads midpoint air dose, gamma exposures from 195
to 1065 rads. Dose rate for protons, 7 meters from the beam port, was about 20 rads per
minute. A comparable dose rate for gamma rays was obtained at midpoint to source distance
of 114 cm. Depth-dose profiles were determined in a frozen monkey, using LiF dosimeters.

The results of deptb-dose measurements showed: (1) a dose falloff at midpoint in gamma
exposures, but a dose build-up in proton exposures; (2) tissue doses at various loci varied,
with respect to the midpoint dose, from 96 to 114 percent and 71 to 104 percent in gamma
and proton exposures, respectively; and (3) the midpoint tissue dose (MTD) was 60 to 70
percent of midpoint air dose (MAD) in gamma exposures, and about 120 to 130 percent in
proton exposures, indicating that, for a given MAD, the MTD for protons was about twice
that for gamma rays.

The relative biological effectiveness (RBE) of protons was compared with gamma rays
for lethality and white blood cell (WBC) depression. The RBE’s were based on both MAD
and MTD data for comparison with values in the literature, and to point out the discrep-
ancies that could arise when data based on exposure (air) dose instead of tissue dose are used.
It is suggested that a more accurate comparison, for the biological endpoints considered,
might be based on average body dose (ABD). The minimal lethal doses for gamma- and
proton-irradiated animals, based on MAD, MTD, and ABD, were 485 and 500 rads, 325
and 650 rads, and 340 and 565 rads, respectively, giving RBE’s of 1, 0.5, and 0.6, respec-
tively. The MAD’s, MTD’s, and ABD’s to cause 80 percent WBC depression in gamma-
and proton-irradiated animals were 290 and 200 rads, 190 and 250 rads, and 210 and 235
rads, respectively, for RBE’s of 1.4, 0.7, and 0.9, respectively. The survival times of the
decedents were essentially similar for the two types of radiation and ranged predominantly
from the 10th to the 20th post-exposure days, which suggests prominence of the hematologi-
cal syndrome.

The dose-response patterns of peripheral white blood cell (WBC) counts in animals
given exposures of 500 rads and below were of interest. It was observed: (1) that the rate
of depression appeared to be slower in proton animals even though the maximum level of
depression was greater than in gamma animals; (2) the rate of recovery was fastest in both

73



74 SECOND SYMPOSIUM ON PROTECTION AGAINST RADIATIONS IN SPACE

s

.

proton and gamma animals given the highest dose, and slowest in those given the lowest
dose; and (3) that a more permanent depression, maintained at about 50 to 75 percent of
pre-exposure values, occurred from about the 50th to 60th post-exposure days in proton

animals.

It is concluded on the basis of existing MTD data: (1) that for hematological effects,
the effectiveness of high energy protons in large animals may be somewhat less than that of
gamma rays, X-rays, or fast neutrons; and (2) that appropriate experimental data are lack-
ing to even consider a maximum permissible emergency exposure for space explorers. The
need to determine the effectiveness of protons, alpha particles, and other radiations preva-
lent in space on large animals, and, using sublethal doses, to study combined stress effects
for establishing reasonably realistic exposure tolerance limits, is discussed.

INTRODUCTION

The hazard of radiation in space is of suf-
ficient magnitude to require protective measures
in manned spacecraft (refs. 1 to 3). The con-
tributions of physicists, engineers, and life
scientists are all essential in resolving this
requirement. It is not an easy task because
numerous uncertainties still persist, relating not
only to environmental data and techniques for
shielding calculations, but also to a permissible
emergency exposure for man in space. The
lack of pertinent experimental data precludes
establishment of such a permissible dose level
at present.

The biological effectiveness of protons—
potentially the greatest radiation hazard known
to exist in space—in man is unknown. It is
unlikely that man himself will be purposely
exposed to protons for assessment of their
injurious effects. Consequently, the informa-
tion must be derived from animal experimenta-
tion. Although extrapolation of animal data
to man obviously has its limitations, past ex-
perience with other types of radiation has
shown that valuable and useful information
can be obtained from such animal studies
(ref. 4).

This report is concerned primarly with the
biological effects of protons in large animals.
Pertinent neutron data will also be included.
A review of the literature shows only a limited
number of large animal proton studies. This
is not too surprising because of the difficulties in-
volved in exposing large animals to whole body
proton irradiation in ground-based facilities.
Relevant experimental proton data were pre-
sented at the Symposium on the Biological
Effects of Neutron and Proton Irradiations
(refs. 5 to 7).

The results presented in this report are from

the collaborative studies currently under way
between NASA, Ames Research Center, and
Lawrence Radiation Laboratory, University of
California, Berkeley, to determine the biologic
effectiveness of protons compared to other types
of radiation in rhesus monkeys. They indicate
that under our experimental conditions 200
MeV protons are less effective than 1.2 MeV
Co® gamma rays in causing lethality or white
blood cell depression in whole body irradiated
monkeys.

METHODS AND MATERIALS
Animals

Young adult male monkeys (M. mulatta)
commercially imported from India and weighing
about 4 to 6 kg at exposure time were used.
The animals, which were quarantined for at
least two months after arrival, underwent the
usual routine treatment preparatory to their
use (ref. 8). Blood for routine hematological
studies (and occasional bacteriological cultures)
was taken from the femoral veins. For pre-
exposure hematological control values, blood
samples were taken from each animal three to
four times over a period of 1 month prior to
irradiation. The frequency after irradiation
was once every 3 to 4 days during the first post-
exposure month and once every week or two
thereafter. For exposure, the animals were
sedated with thiamylal sodium, a short-acting
anesthetic, strapped in a styrofoam animal
holder, and placed on a rotator which turned the
animal simultaneously around its longitudinal
and vertical axes to provide an omnidirectional
whole body exposure (refs. 9 and 10). The
rates of rotation were 8 and 0.35 rpm, re-
spectively. The animals were conscious
throughout the exposure period, which lasted
about 10 to 60 minutes, depending upon the
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exposure dose. Nonirradiated control animals
were treated similarly.

Exposure Set-up and Dosimetry

For proton exposure, the 730 MeV protons of
the Berkeley 184-inch cyclotron were degraded
to the desired 200 MeV energy level by multiple
Coulomb scattering, which was accomplished
by placing 42 inches of graphite between the
path of the primary 730 MeV beam and the
animal. This caused angular divergence of the
emergent beam and provided the desired effec-
tive exposure field for whole body irradiation
of monkeys. Dosimetric measurements indi-
cated that the exposure dose at the perimeter of
the effective 60 cm field at 7 meters from the
beam port was about 70 percent of that at the
center. Dose rate at the center was about 20
rads per minute. Figure 1 shows an animal
positioned for exposure to protons. The Co®
radiation source at Berkeley was used for
gamma exposure. A dose rate comparable to
that of protons was obtained at a distance of
114 cm.

A reasonably flat, similar depth-dose profile
for proton and gamma exposures was achieved
by positioning the rotator in such a manner that
the rate of vertical (sinusoidal) rotation (fig. 17,
ref. 9) was minimal when the animal’s longi-
tudinal axis was parallel to the beam for ex-

posure to protons, and perpendicular for
exposure to gamma rays.
Surface doses were determined for each

irradiated animal with dosimeters (polyethylene
capsules filled with lithium fluoride) placed on
the head, abdomen, arm, and leg. Depth-dose
measurements were made in a frozen monkey
cadaver in which dosimeters were placed on the
surface and at varying depths at several loci.
The exposure geometry of the cadaver was
identical to that of live animals except, perhaps,
for head movements of the latter. LiF dosim-
eters were used because of their convenience
and reliability (refs. 11 to 13).

RESULTS
Dosimetry

The results of the depth-dose measurements
are summarized in figure 2(a), in which the
data are presented as percent of midpoint tissue

Ficure 1.—Monkey positioned for omnidirectional
exposure to protons from the Berkeley 184-inch
cyclotron. The beam port is seen above the animal.

dose. The numerator at each point is the dose
for gamma animals; the denominator is that
for proton animals. The doses listed outside
the animal are surface doses; those presented
inside the animal immediately adjacent to the
surface are doses at 1 to 2 cm depth; and those
given in the center of the animal and in the
limbs are midaxial doses. The midpoint dose
is lower than in the extremities, including the
head, in gamma animals, indicating a depth-
dose fall-off; whereas, the midpoint dose is
higher than in the extremities in the proton
animals, indicating a dose build-up. The
depth-dose profile shows that the tissue doses
throughout the animal with respect to the mid-
point dose varied from 96 to 114 percent in
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(a) Whole body depth-dose profile.

Frgure 2.—Depth-dose energy distribution profile
in whole body irradiated monkeys: protons versus
gamma rays.

gamma animals, and from 71 to 104 percent in
proton animals.

The midaxial dose profile is shown in figure
2 (b). The midaxial trunk dose distribution
w as fairly uniform (or flat) for both gamma and
proton animals. However, the doses in the
head and in the lower hindlegs were about 10
percent higher than at the midpoint in gamma
animals, and about 20 percent lower in proton
animals.

The cross-sectional depth-dose profile at the
midpoint level is illustrated in figure 2(c). It
is evident that the MTD was about 8 percent
lower than the dose at the surface in gamma
animals, and about 3 to 6 percent higher in
proton animals.

A comparison of MAD with MTD reveals
that the latter is about 60 to 70 percent of the
former in gamma animals, and about 120 to
130 percent in the case of proton animals.
This means that for a given MAD, the MTD
for protons is about twice that for gamma rays.

Mortality and Survival Time

Table 1 summarizes the mortality and sur-
vival time data. When based on MAD, the
minimal lethal doses for gamma and proton
animals were essentially similar—485 and 500
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Ficure 2.—Concluded.

rads, respectively—giving an RBE of about 1.
However, when based on MTD, the respective
minimal lethal doses were 325 and 650 rads for
an RBE of 0.5. The survival times of dece-
dents were similar for the two types of radiation
and ranged predominantly from the 10th to the
20th post-exposure days, which suggests promi-
nence of the hematological syndrome (refs. 14
and 15).

White Blood Cell Response

Changes in peripheral white blood cell count,
a fairly reliable and sensitive index of hemato-
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TasLE I

Summary of Mortality and Survival Time Data

Type of radiation Midpoint Survival time, days
and experiment dose, rad
Gamma Air ________ 0 195 340 485 630 775 920 1065
Absorbed___| 0 125 225 325 425 525 625 725
63M2 Air________ 10
Absorbed___| S» S 8 18 12 14 11
64M1 Absorbed___| 8 ] S 16 12 15 11
64M4 Air________ S S S
Absorbed__.| § 8 S 29
Proton Air________ 0 200 350 500 650 800 950
Absorbed_._| 0 260 455 650 845 1040 1235
64M2 Air________ S 8 S S 13 13 10
64M3 Air________ § 8 S S 19 11 12
64M5 Air________ S S S
Absorbed__.| 8 S S 18
» 30-day period.

PROTONS (200 MeV),
wmeee- CONTROL.
-—~—200 rad* (260 rad)
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Ficure 3.—Dose-response relationship of white blood
cell count in whole body proton irradiated monkeys.

poietic tissue injury in whole body irradiated
animals, were used to assess the effectiveness
of protons compared to gamma rays. Figure 3
shows a radiation dose-WBC response pattern
in our proton monkeys. Figures 4(a), 4(b), and
4(c) compare the WBC patterns in proton and
gamma animals given 200, 350, and 500 rads
air dose, respectively. Each line represents
a single animal. As expected, the destructive

phase was dose dependent in both gamma-
and proton-irradiated animals. Although the
rate of WBC depression was faster in gamma-
than in proton-irradiated animals at all three
dose levels, the magnitude of the depression
was greater in the proton animals (figs. 4(a),
4(b), 4(c)). WBC recovery in proton survivors
was fastest in animals given the highest dose of
radiation and slowest in those given the lowest
dose (fig. 3). This was unexpected, since in
general the rate of recovery is indirectly related
to the magnitude of injury, which in turn is
directly related to dose (refs. 16 and 17). This
unexpected response was also seen in our gamma
animals. A second, more permanent, WBC
depression to about 50 to 75 percent of pre-
exposure values occurred from about the 50th
to the 60th post-exposure days in proton animals.
This depression was not readily apparent in
the gamma animals.

The relationship between radiation dose and
magnitude of maximum WBC depression was
determined for gamma and proton animals.
The data are tabulated in table IT and the mean
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